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Background. The BCG vaccine is ineffective against adult tuberculosis. Hence, new antituberculosis vaccines
are needed. Correlates of protection against tuberculosis are not known. We studied the effects of BCG vaccination
on gene expression in tuberculosis granulomas using macaques.

Methods. Macaques were BCG-vaccinated or sham-vaccinated and then challenged with virulent Mycobacte-
rium tuberculosis. Lung lesions were used for comparative transcriptomics.

Results.  Vaccinated macaques were protected with lower bacterial burden and immunopathology. Lesions from
BCG-vaccinated nonhuman primates (NHPs) showed a better balance of o- and B-chemokine gene expression with
higher levels of B-chemokine expression relative to nonvaccinated animals. Consistent with this, sham-vaccinated
macaques recruited fewer macrophages relative to neutrophils in their lungs. The expression of indoleamine 2,3-diox-
ygenase (IDO), a known immunosuppressor, was significantly higher in both week 5 and 10 lesions from sham-
vaccinated, relative to BCG-vaccinated, NHPs. IDO expression was primarily limited to the nonlymphocytic region of
the lesions, within the inner ring structure surrounding the central necrosis.

Conclusions. Our study defines lung gene expression correlates of protective response against tuberculosis, rela-
tive to disease, which can potentially be employed to assess the efficacy of candidate antituberculosis vaccines. Myco-
bacterium tuberculosis may modulate protective immune responses using diverse mechanisms, including increased

recruitment of inflammatory neutrophils and the concomitant use of IDO to modulate inflammation.
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Tuberculosis is responsible for the death of >1.5 million
people every year [1]. The BCG vaccine provides protec-
tion from childhood tuberculosis but is ineffective against
adult pulmonary infection [2, 3]. Hence, new and effec-
tive antituberculosis vaccines are urgently required.
However, the true correlates of protection against tuber-
culosis vis-a-vis infection are not well understood.

The prototypical response to infection with Mycobac-
terium tuberculosis is the formation of a granuloma [4].
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While containing the spread of Mycobacterium
tuberculosis, granulomas also provide it with an envi-
ronment to persist [5]. Therefore, the study of tu-
berculosis granulomas provides insight into crucial
host-pathogen interactions [4]. It is difficult to per-
form such studies in human samples because of vari-
ability in dose and pathogenicity; genetic, geographic,
and racial diversity in patients; time elapsed since in-
fection; the number of reinfection events; coinfection;
and other confounding factors.

Nonhuman primates (NHPs) are excellent models
of human tuberculosis. It is possible to model progres-
sion to latency, reactivation, and human-like granulo-
ma architecture in NHPs experimentally infected with
(6, 7).
Rhesus macaque tuberculosis granulomas exhibit a

Mycobacterium tuberculosis (reviewed in

massive reprogramming of the initial proinflammatory
transcriptomic surge at the chronic stage [8]. Studies
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in NHPs show that that BCG can protect against severe tuber-
culosis [9, 10]. We therefore hypothesized that the direct com-
parison of granulomas from NHPs protected by BCG
vaccination to those not protected could allow us to better un-
derstand the requirements of protection. These comparisons
would potentially highlight, at the gene expression level, the
differences in tuberculosis granulomas that successfully
contain bacterial replication from those that fail to check it.
We infected BCG-vaccinated or sham-vaccinated NHPs with
virulent Mycobacterium tuberculosis and studied granuloma
gene expression at 2 different stages of infection. Our results
identify potential correlates of protection, and indicate that
the progression of Mycobacterium tuberculosis infection in-
terferes with the expression of macrophage and lymphocyte
chemoattractants, allowing a relatively greater number of neu-
trophils to accumulate in the lesions of animals with acute tu-
berculosis. The expression of indoleamine 2,3-dioxygenase
(IDO) is highly induced in the region adjoining central
necrosis (the ring wall), an area devoid of lymphocytes.
IDO is a powerful immunosuppressant and thus may inhibit
the access of lymphocytes to the central region of the
granulomas.

MATERIALS AND METHODS

Animals

Four Mycobacterium tuberculosis-free, retrovirus-free, cynomol-
gus macaques were intradermally injected with 1 x 10° colony-
forming units (CFU) of BCG-Danish in 1 mL Sauton media,
whereas 4 animals received media only. The animals were in-
fected with Mycobacterium tuberculosis Erdman 17 weeks
postvaccination via intratracheal bronchoscopy into the right
lower lobe [10, 11], and correlates of infection were obtained
as described previously [12-14]. Body temperatures and
weight were obtained weekly as part of a physical examination
by board-certified clinical veterinarians and compared to pre-
infection levels. Chest radiographs (CXRs) were read in a
blinded fashion by 2 clinical veterinarians and scored using
the following criteria: 0, no disease; 1, moderate involvement;
2, extensive involvement; 3, miliary tuberculosis. Mycobacteri-
um tuberculosis load was determined by random sectioning
and homogenization of lung followed by the MycoPrep
method for decontamination [12-14]. Two NHPs from each
group were necropsied 5 and 10 weeks after Mycobacterium
tuberculosis infection as described earlier [12-14].

All animals were routinely cared for according to the guide-
lines prescribed by the National Institutes of Health Guide to
Laboratory Animal Care. Humane endpoints were predefined
in this protocol and applied as a measure of reduction of dis-
comfort. All procedures were approved by Tulane National
Primate Research Center, Institutional Animal Care and Use
Committee, and the Tulane Institutional Biosafety Committee.

The Tulane National Primate Research Center facilities are ac-
credited by the American Association for Accreditation of
Laboratory Animal Care and licensed by the US Department
of Agriculture.

Transcriptomics

Three surgically excised granulomas from each macaque were
pooled and transcriptome profiled relative to the total pool of
normal lung tissue as described elsewhere [8, 14, 15]. Data were
analyzed as described earlier [14-16] using Lowess-based nor-
malization, and statistical significance was determined with the
use of Spotfire DecisionSite [16]. Genes with levels of induc-
tion or repression <2-fold relative to normal lung were loaded
onto DAVID (Database for Annotation, Visualization and In-
tegrated Discovery, version 6.7; http://david.abcc.ncifcrf.gov/)
to identify gene families with significant overrepresentation.

Confocal Microscopy

Multilabel confocal microscopy was performed as described
earlier [8, 12-14]. Macrophages and neutrophils were detected
using mouse anti-CD68-647 conjugate (catalog no. sc-20060,
Santa Cruz Biotechnology, 1:10) and MAC387 (mouse, Dako,
catalog no. M0747, 1:50) respectively. IDO was detected using
a rabbit antibody (catalog no. HPA023072, Sigma; 1:400). Ten
images of each slide were used for image analysis (Inform,
PerkinElmer).

Statistics

Statistical significance was determined using either a 1-way
analysis of variance with Bonferroni correction or a t test,
within Prism version 5.01 (GraphPad).

RESULTS

Progression of Tuberculosis in BCG-Vaccinated Relative to
Sham-Vaccinated NHPs

No adverse effects were observed following intradermal BCG
vaccination of macaques. Between 4 and 8 weeks postvaccina-
tion, all BCG-vaccinated, but none of the sham-vaccinated
animals, showed a positive tuberculin skin test. All 8 animals
exhibited a positive tuberculin skin test at week 5 after Myco-
bacterium  tuberculosis infection, indicating comparable
infection.

Prior BCG vaccination significantly protected macaques
against a lethal challenge with virulent Mycobacterium tuber-
culosis and produced significantly stunted tuberculosis. The
control group exhibited a significant increase in body temper-
ature at weeks 3 and 5 after Mycobacterium tuberculosis infec-
tion, relative to the BCG-vaccinated group (Figure 1A). The
sham-vaccinated animals also showed significantly greater
weight loss, relative to the BCG-vaccinated group (Figure 1B).
The difference between the 2 groups was statistically signifi-

cant during weeks 4-10. The sera of BCG-vaccinated animals
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Figure 1.

Comparison of clinical progression of disease in sham- and BCG-vaccinated nonhuman primates (NHPs). Blue symbols represent sham-

vaccinated Mycobacterium tuberculosis-infected NHPs and red symbols represent BCG-vaccinated, Mycobacterium tuberculosis—-infected NHPs. A,
Changes in body temperature, expressed as degrees Fahrenheit. Circles: week 1; squares: week 3; triangles: week 4; diamonds: week 5. B, Changes in
body weight, expressed as percentage of total weight at the time of Mycobacterium tuberculosis infection. Circles: week 1; squares: week 3; triangles:
week 5; diamonds: week 8; hexagons: week 10. C, Changes in serum C-reactive protein levels. Circles: week 1; squares: week 3; triangles: week 4;
diamonds: week 5; hexagons: week 6; downward triangles: week 8; open circles: week 10 (2 measurements per animal per time point). D, Changes in
arbitrary chest radiographic (CXR) scores. X-axis denotes time in weeks post-Mycobacterium tuberculosis infection. Circles: week 1; squares: week
5. CXR scores were determined as described earlier [12—14], in a blinded fashion using the following scoring criteria: 0: normal; 1: moderate involve-

ment; 2: extensive involvement; 3: miliary tuberculosis.

contained significantly lower levels of acute-phase marker C-
reactive protein when compared to their sham-vaccinated
counterparts (Figure 1C). CXRs corroborated the clinical dif-
ferences in the progression of tuberculosis between the 2
groups of NHPs. Sham-vaccinated animals had significantly
higher scores in their CXRs obtained 5 weeks postinfection,
relative to BCG-vaccinated ones (Figure 1D).

Consistent with the clinical progression of disease in the 2
groups, the total Mycobacterium tuberculosis burden in lungs
was significantly lower in the BCG-vaccinated NHPs relative to
those that were sham-vaccinated, as evidenced from the tempo-
ral Mycobacterium tuberculosis burden in bronchoalveolar
lavage fluid (Figure 2A) and bronchial lymph nodes (Figure 2B),
as well as terminal lung tissue (Figure 2C and 2D). A higher
level of bacterial CFU was present in the right (Figure 2C), rela-
tive to the left, lung (Figure 2D), as the initial inoculum was
placed in the lower right lobe of the animals. Further, BCG

significantly reduced the burden of Mycobacterium tuberculosis
growth in extrathoracic tissues such as spleen (Figure 2E), liver,
and kidney (not shown), relative to the NHPs that received
placebo. Hence, BCG limits the extrapulmonary transmission of
Mpycobacterium tuberculosis in primates.

Lung-pathology analyses were in agreement with the clinical
and bacteriological measures (Figure 3). Lesions in BCG-
vaccinated areas were fewer and were largely limited to the
lower right lobes, the site of initial inoculation with Mycobac-
terium tuberculosis, both upon gross pathologic (Figure 3A
and 3C) and histopathologic (Figure 3E and 3G) analyses. In
contrast, significantly more lesions and areas of consolidation
were present in the sham-vaccinated group (Figure 3B and 3D;
3F and 3H). Significant differences were observed between the
2 groups of animals for total pathology scores (Figure 3I).
Within individual lobes, the pathology scores were not signifi-
cantly different for the inoculation site. However the total
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Figure 2. Comparison of bacterial burden in sham- and BCG-vaccinated nonhuman primates (NHPs). Blue symbols represent sham-vaccinated, Myco-
bacterium tuberculosis—infected NHPs, and red symbols represent BCG-vaccinated, Mycobacterium tuberculosis-infected NHPs. A, Temporal Mycobacte-
rium tuberculosis colony-forming units (CFU) in bronchoalveolar lavage fluid (80 mL). Circles: week 3; squares: week 5; triangles: week 9. X-axis: time
postinfection. Y-axis: numeric scale. B, Temporal Mycobacterium tuberculosis CFU in bronchial lymph nodes (per gram of tissue). Circles: week 3;
squares: week 5; triangles: week 9. X-axis: time postinfection. Y-axis: logyg scale. C, Mycobacterium tuberculosis CFU in right lung (site of inoculation)
at necropsy (per gram of tissue). Circles: week 5; squares: week 10. X-axis: time postinfection. Y-axis: logq scale. D, Mycobacterium tuberculosis CFU
in left lung (contralateral lobe) at necropsy (per gram of tissue). Circles: week 5; squares: week 10. X-axis: time postinfection. Y-axis: logqo scale.
E, Mycobacterium tuberculosis CFU in spleen at necropsy (per gram of tissue). Circles: week 5; squares: week 10. X-axis: time postinfection. Y-axis:
logyq scale. Abbreviations: BAL, bronchoalveolar lavage; CFU, colony-forming units.

differences and those for all the other lobes were significant
(Figure 3)).

The clinical, microbiologic, and pathologic readouts de-
scribed above clearly demonstrate the effectiveness of the pro-
tection imparted by BCG vaccination against challenge with
highly virulent Mycobacterium tuberculosis. These results are

consistent with those obtained in earlier studies with both cy-
nomolgus [9] and rhesus [10] macaques.

Gene Expression in Early NHP Granulomas
Lung granulomas were obtained at necropsy from 2 sham-
vaccinated Mycobacterium tuberculosis-infected NHPs and
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Figure 3. Comparison of pathology in sham and BCG-vaccinated nonhuman primates (NHPs). A and C, Gross pathology of lungs at necropsy from 2
representative BCG-vaccinated NHPs (A=5 weeks, C=10 weeks). B and D, Gross pathology of lungs at necropsy from sham-vaccinated NHPs (B=5
weeks, DO=10 weeks). £and G, Histopathological analysis of hematoxylin-and-eosin (H&E)—stained lung sections from 2 representative BCG-vaccinated
NHPs (E=5 weeks, G=10 weeks). Fand H, Histopathological analysis of H&E-stained lung sections from 2 representative sham-vaccinated NHPs (F=5
weeks, H=10 weeks). /, Percentage of lung area involved in granulomatous lesions, edema, and consolidation relative to total lung area used for
morphometric analysis. Red bar corresponds to BCG-vaccinated NHPs and blue bar corresponds to sham-vaccinated NHPs. J, Percentage of lung area
(total as well as for individual animals) grouped into samples from lower right lobe (circles), all other lobes of right lung excluding the lower lobe
(squares), contralateral left lower lobe (triangles facing up), and all other lobes of the left lung excluding the lower lobe (triangles facing down). Red
symbols correspond to BCG-vaccinated and blue symbols correspond to sham-vaccinated NHPs.
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Table 1.

Immune Function Genes With Significantly Induced Expression in Lung Granulomas Isolated From Sham-Vaccinated Nonhu-

man Primates Relative to Normal Nongranulomatous Tissue at 5 and 10 Weeks After Infection

Category

Sham-Vaccinated/Mycobacterium tuberculosis (Week 5)

Sham-Vaccinated/Mycobacterium tuberculosis
(Week 9)

Interferon

Tumor necrosis
factor

Chemokine

Proinflammatory
cytokines

Anti-inflasmatory
cytokines

Innate immunity

Defense response

Apoptosis

INDO (121.7), STAT1 (12.8), TAP1 (10.6), GBP1 (10.4), IFI30
(9.8), IRF1 (6.5), PSMB8 (4.7), IFN-yR2 (4.3), IFN-y (3.8), IRF8
(3.2)

TNFSF13B (10.3), LITAF (7.6), LTB (3.8), TNIP2 (3.1)

CXCL6 (21.8), CXCL1 (19.7), CXCL3 (14.5), CXCL10 (10.9),
CXCL9 (9.6), CCL2 (8.3), CXCL14 (4.2), CCL19 (3.9), CCL11
(3.5)

IL1B (12.8), IL6 (12.1), ILTRN (3.4)
IL4R (4.9), IL10 (3.4), IL10RA (3.4)

C1QA (16.6), APOL1 (13.3), KYNU (10.8), APOBEC3G (9.2), TLR2
(9.0), CYBB (8.9), IER3 (8.6), C3 (7.2), C1S (6.8),GCH1 (5.9),
ITGAM (5.8), SERPING1 (5.2), C1QBP (4.1),C1QB (4.1), C2
(3.6), TLR8 (3.4), NCF2 (3.2)

LYZ (85.3), TFRC (16), HLA-DRA (14.8), RNASE3 (11.2),CD74
(11), TAP1 (10.6), LY96 (10), CD14 (9.1), TF (8.1), PSG4 (8),
ITGB2 (7.3), BAGALT1 (6.7), VSIG4 (6.6), CLIC1 (6.5),
HIST1H2BK (6.4), CD48 (6.3), FGR (6.2), SERPINA1 (5.9),FN1
(5.7), TAPBP (5.1), NMI (4.8), SELS (4.6), CD44 (4.6),PLA2G4AC
(4.6), COTL1 (4.5), LYN (4.2), CD97 (3.9), CD83 (3.6),ITGB
(3.6) S100A8 (3.5), CEBPB (3.4), SPP1 (3.3),VDAC3 (3.3),
TYROBP (3.1), AOAH (3.1), VDAC1 (3.1)

CTSB (42.5), CD74 (11), MMP9 (8.8), CASP4 (8.2), SEMAA4D (6),
BIRC3 (5.6), TPT1 (5.3), UBB (4.9), LGALS1 (4.7), CD44 (4.6),
CASP1 (4.5), ANXA4 (4.4), GFBP3 (4.4), BTG1 (4.1), HBXIP
(4.1),CYCS (4), RPL11 (3.9), GPR109A (3.8), SOD2 (3.8),
CASP3 (3.7),CD2 (3.6), CEBPB (3.4), RPS27A (3.3), NME2
(3.3), NPM1 (3.2),CFL1 (3.2), PYCARD (3.1), MCL1 (3.1),

INDO (25.5), IFN-y (11.5), GBP1 (11), STAT1 (7.1)

TNFSF13B (5.4), LITAF (3.5), LTA (3.1)

CXCL11 (29), CXCL1 (26.5), CXCL10 (14.5),
CXCL13 (10), CXCL3 (9.7), CXCL9 (7.1),CXCL16
(4.7), CCL19 (4.3)

ILTORB (6.1), IL10 (4.7)

TLR2 (8.3), CYBB (7.8), TLR8 (4.5), ITGAM (9.5),
CR2 (8.7), C1QA (4.7), APOL1 (4.1), IER3 (3.1),
NCF2 (3)

PLA2G7 (11.3), VSIG4 (6.4), LY86 (6.1), RNASE3
(5.6), LY96 (5.1), AOAH (5.1), SLAMFS8 (4.5),
CD83 (4.3),HMOX1 (4.0), CD74 (3.3.), LY75 (3.2)

SOD2 (32.2), MMP9 (25.7), BCL11B (7.9), CTSB
(7.9),JAK2 (7.6), VDR (7), CHST11 (6.2), BIRC3
(5.1),KCNMAT1 (5.1), CDH1 (4.3), PPT1 (4.1),
BCL10 (3.9),CALR (3.8), SEMA4D (3.5), CASP4
(3.4), ACTN1 (3),CARD14 (3), CDKN1B (3),
MAP3K5 (3), ANXA4 (3)

PDCD5 (3.1), RPS6 (3.1)

Official National Center for Biotechnology Information human gene symbols are used to denote genes. Numbers in parentheses signify the numeric fold-change
of expression for that gene. Functional groupings were constructed using DAVID (http:/david.abcc.ncifcrf.gov/). Genes in boldface were present in the data set at

both time points.

transcriptome profiles relative to normal lung tissue from un-
infected animals. We first analyzed the gene expression in
granulomatous lesions in sham-vaccinated NHPs that were eu-
thanized at week 5, comparable to the transcriptome profiles
of tuberculosis lesions from rhesus macaques infected via
aerosol with a high-dose of Mpycobacterium tuberculosis
CDC1551 [8]. The early lesions in that study were character-
ized by the extremely high expression of proinflammatory
genes. The expression of a majority of proinflammatory genes
induced in rhesus macaques lesions were also induced in these
lesions derived from cynomolgus macaques 5 weeks postinfec-
tion (Table 1). Numerous o-chemokines (but only 2 B-chemo-
kines), cytokines, and interferon (IFN)- and tumor necrosis
factor (TNF)-related genes exhibited induced expression in
early tuberculosis lesions. The expression of many genes in-
volved in innate immunity and defense as well as apoptosis
was also induced, indicating the advent of the acute granulo-
matous response. Hence, the expression pattern of the early
tuberculosis lesions remains proinflammatory, irrespective of

the dose, inoculum, Mycobacterium tuberculosis strain, and
route of infection.

Gene Expression in Late NHP Granulomas

Next we analyzed gene expression in tuberculosis lesions at
week 10. The proinflammatory nature of the week 5 response
was blunted in week 10 tuberculosis lesions (Table 1).
However, the extent of transcriptional downregulation in this
instance occurred to a lesser extent than in the rhesus study [8].
This was likely due to the fact that we analyzed granuloma
expression at week 10 rather than week 13. Moreover, a signif-
icantly lower dose of Mycobacterium tuberculosis was used in
this instance, in comparison to the experiment involving
rhesus macaques. Hence, the progression to acute tuberculosis
in the current study occurred less rapidly. None of the proin-
flammatory cytokines exhibited induced beyond 3-fold relative
to normal lung tissues. Both the total number of genes
induced and their magnitude of expression were lower for
IFN-, TNF-, innate immune-, and defense-related genes
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Table 2. Immune Function Genes With Significantly Induced Expression in Lung Granulomas Isolated From BCG-Vaccinated Nonhu-
man Primates Relative to Normal Nongranulomatous Tissue at 5 and 10 Weeks After Infection

Category

BCG-Vaccinated/Mycobacteriumtuberculosis (Week 5)

BCG-Vaccinated/Mycobacteriumtuberculosis (Week 9)

Interferon

Tumor necrosis
factor

Chemokine

Proinflammatory
cytokines

Anti-
inflammatory
cytokines

Innate immunity

Defense
response

Apoptosis

IFN-y (30.2), INDO (22.6), GBP1 (17.3), GBP2 (7.1),
IRF1 (6.1), IFRG28 (5.2), IFI30, STAT1 (5.1), FASLG
(4.9), IL18 (4.7),IRF7 (4.2), IRF8 (3.8), ISG20 (3.5),
STATBA (3)

LTB (9.8), TNFSF13B (8.6), TNFRSF11B, TNIP3 (7),
C1QTNF (6.8), TNFAIP6 (6.5), TNFAIP3 (6), TNFRSF21
(5.9), TRAF3 (5.6), LTA (5.3), TNFAIP8 (3.5), TNFSF5
(3.2), TNIP2,TNF (3)

CXCL6 (57.3), CXCL9 (47.1), CCL2 (38.2), CXCL11
(38.2),CXCL10 (37.4), CXCL1 (31.8), CXCL3 (18.2),
CCL19 (11.2),CXCL13 (9.8), CCR1 (8.2), CXCL12 (7.6),
CXCL14 (7.5),CXCR4 (7.2), CCRb5 (5.8), CXCL2 (5.5),
CCL11 (5.3), CCR2(4.1), CXCL16 (4), CCL13 (3.9),
CCR7 (3.5), CCL20, CCL4 (3)

IL6 (69.2), ILTR2 (12.5), IL1B (12.4), IL156RA (6.9), IL1RAP
(6.1), ILT8RAP (5.3), IL21R, IL18R1 (4.7), IL2RA (4.5),
IL27RA (3.4), IL12RB2 (3.1)

IL10 (13), IL411 (10), IL11 (7.8), IL4R (4.4), IL10RA (3.8),
SOCS1 (3.6), IL10RB (3.5)

VSIGb (16.8), TLR4 (10.2), CR2 (9.1), IER3 (9), LAGS (8.2),
TLR2 (7.3), C4B (5.6), TLR8 (5.1), IRAK2 (4.2), C1S
(4.5), C4ABPA(3.8), C1QB (3.3), C1QA (3.2), MYD88 (3)

MMP1 (84.1), INHBA (47.3), SPP1 (37.9), SAA1 (36.7),
SAA2 (34.3), ST00A8 (33.2), SLAMF7 (29.1), HP (18.9),
KYNU (16.5), SERPINA3 (15.3), SAA4 (14.9), ANKRD1
(13.3), GCH1 (10.1), CSF3R (9.7), TFRC (8.5), CYBB

(8.3), LYZ (8.1), AOAH, GAL (7.8), IGFBP4, THBS1 (7.4),

RNASE3,SERPINAT1 (6.7), APOL2 (6.4), APOL1,

SERPINF2 (5.7),LY86 (5.5), APOL3, ORM1 (5), PLA2G7,

KCNN4 (4.9), LY96 (4.5), BAGALT1, TAP1 (4.4), PSG4
(4.3) RNASEG, PLA2GA4C(4.2), HMOX, CD48 (4.1),
PTX3, LYN, RIPK2 (4), CD44 (3.9), APOBEC3G (3.8),
ADORAZ2B, PTAFR (3.7), CD83 (3.5), FGR(3.4), CYBA,
CLIC1 (3.1), CLECBA, CD40, NOX1, AlF1, SELS(3)

SOD2 (29.7), BID (14.2), GPR109A (13.3), GREM1 (12.6),
SFRP5 (9.5), GPR65 (8), EGLNS, THBS1 (7.5), SGTB
(6.2),DDIT4 (6), STEAP3 (5.8), BIRC3, TWIST1 (5.7),
ZC3H12A(6.5), PHLDA2 (5.1), FADD (4.9), FASLG (4.7),
OSM (4.5),CASP4 (4.1), BCL2L14, SGPL1 (3.9), CYCS,
JAK2 (3.4),BNIP2, CD14, GADD45A, ITGB2, SIAH2,
UNCB5B (3.2),ALDOC, NEK6, PYCARD (3)

INDO (7.8), STAT1 (5.9)

TNFSF13B (5.3), LITAF (3.6), CIQTNF, LTB (3)

CXCL6 (11.1), CXCL13, CXCR4 (5.7), CCL2 (5.6),
CCL19 (4)

IL4R (4.5), ILT0RA (4.4), IL13RA1 (3.3)

C3(6.7), C1QA (5.6), C1S (5.7), C4B (5), IER3 (4.7),
C4BPA (3), MYD88, NFKBIA (3)

MMP1 (12.5), APOL1 (10.1), LYZ (8.8), CD74 (8.2),
SPP1 (7.8), FN1 (7.6), BAGALT1 (7), TAP1 (6.1),HLA-
DRA (6), SERPINAS (4.7), CD48 (4.6), TFRC (4.3),
CLIC1, COTL1 (4.1), CYBB (3.9), LYN (3.8),
SERPINA1 (3.6), LY86 (3.5), SELS (3.4), LTA4H
(3.3),CD83, PSG4 (3.2), BLNK, FGR, MNDA, NMI,
VDAC3(3)

PIM2 (8.1), CTNNB1 (6.5), SIAH2 (5.2), ITGB2,
RASSF5 (4.6),BIRC3, MAGEH1 (3.8), POLR2G (3.5),
CD14, PREX1,YWHAE (3.4), MCL1, RTN4 (3.3),
CASP4 (3.2), YWHAB (3.1), MAP3K1 (3)

Official National Center for Biotechnology Information human gene symbols are used to denote genes. Numbers in parentheses signify the numeric fold-change
of expression for that gene. Functional groupings were constructed using DAVID (http:/david.abcc.ncifcrf.gov/).

(Table 1). Notably, the expression of MMP1 (66-fold), SOD2
(32-fold), MMP9 (26-fold), IDO (22-fold), etc, continued to
be highly elevated.

Impact of BCG Vaccination on Gene Expression in NHP
Granulomas

Next we analyzed gene expression in the lesions obtained from
the lungs of animals that had been BCG-vaccinated 17 weeks
prior to Mycobacterium tuberculosis challenge. The expression of
numerous members of the IFN and TNF networks was induced
in these lesions (Table 2). In particular, the expression of IFN-y
was induced >30-fold, despite the lower Mycobacterium

tuberculosis burden in the lungs of this group of NHPs. In con-
trast, despite the higher bacillary burden in the sham-vaccinated
NHPs, IFN-y levels were induced <4-fold (Table 1). The levels of
IFN-y increased to approximately 11-fold in the late (week 10)
lesions derived from the sham-vaccinated NHPs. Thus, BCG
induces a memory response resulting in an early and substan-
tially increased IFN-y expression at the site of infection.

The expression of IFN-y, CCL2, and IDO was assessed via
gene-specific primer pairs using the CyBr-green method to con-
firm microarray results by quantitative reverse transcription—
polymerase chain reaction. The expression of these genes was
found to be consistent with microarray results (not shown).
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Figure 4. Microarray analysis of chemokine expression in BCG- and sham-vaccinated nonhuman primates (NHPs). Two individual (biological replicate)
microarray experiments were performed for each of the 8 NHPs (IF17 and IF20 were BCG-vaccinated and euthanized 5 weeks after Mycobacterium tuberculosis
infection; IF16 and IF21 were BCG-vaccinated and euthanized 10 weeks after Mycobacterium tuberculosis infection; IF19 and IF22 were sham-vaccinated and
euthanized 5 weeks after Mycobacterium tuberculosis infection; and IF18 and IF23 were sham-vaccinated and euthanized 10 weeks after Mycobacterium
tuberculosis infection), each including 3 granuloma lesion samples pooled together and compared to normal lung. A, Fold change for B-(CCL) chemokines and
their receptors is shown for the BCG-vaccinated 5-week group of animals. B, Fold change for B-(CCL) chemokines and their receptors is shown for the sham-
vaccinated 5-week group of animals. C, Fold change for B-(CXCL) chemokines and their receptors is shown for the BCG-vaccinated 5-week group of animals. D,
Fold change for a-(CXCL) chemokines and their receptors is shown for the sham-vaccinated 5-week group of animals. £, Fold change for B-(CCL) chemokines
and their receptors is shown for the BCG-vaccinated 10-week group of animals. £, Fold change for B-(CCL) chemokines and their receptors is shown for the
sham-vaccinated 10-week group of animals. G, Fold change for o-(CXCL) chemokines and their receptors is shown for the BCG-vaccinated 10-week group of
animals. H, Fold change for o-(CXCL) chemokines and their receptars is shown for the sham-vaccinated 10-week group of animals. Clustering was performed
using Spotfire DecisionSite for Functional Genomics. The coloring scheme for the hierarchical cluster is as follows: black, no change in expression; green,
lower expression in lesion samples relative to normal lung; and red, higher expression in lesion samples relative to normal lung. The intensity of red or green
color corresponds to the extent of up- or downregulation.
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Figure 5.

Confocal microscopy interrogation of tuberculosis granulomas in sham- and BCG-vaccinated nonhuman primates (NHPs). Staining for macro-

phages (CD68* MAC387"°; red) in lesions derived from a representative animal in the week 5 sham-vaccinated (A) and BCG-vaccinated (B) NHPs. Staining
for neutrophils (CD68™ MAC387+": green) in lesions derived from a representative animal in the week 5 sham-vaccinated (C) and BCG-vaccinated (D)
NHPs. Nuclei (blue) are stained with TOPRO-3. £, Neutrophil:macrophage count ratio from different lesions in the 2 groups. Staining for indoleamine
2,3-dioxygenase (green) and macrophages (CD68* MAC387*"; red) in lesions derived from a representative animal in the week 5 sham-vaccinated (F) and

BCG-vaccinated (G) NHPs. Again, nuclei are stained with TOPRO-3.

Differential Induction of a- and p-Chemokines in Granulomas
Derived From BCG-Vaccinated vs Sham-Vaccinated NHPs

The expression of several chemokine genes was enhanced fol-
lowing Mycobacterium tuberculosis infection in BCG-vaccinat-
ed NHPs. However, in this instance, several B-chemokine
genes (CCL2, 4, 11, 13, 19, 20) were also induced in addition
to a-chemokine genes (CXCL1, 3, 6, 9, 10, 11, 13, 16). Several
B-chemokine receptor genes also exhibited increased expres-
sion (CCR1, 2, 5, and 7; Table 2). The enhanced expression of
B-chemokines was in contrast to lesions obtained from the
sham-vaccinated, Mycobacterium tuberculosis-infected ma-
caques (Figure 4). This was especially evident in the early
(week 5) lesions (Figure 4A and 4B). In samples derived from
sham-vaccinated macaques, few B-chemokine genes (CCL2,
11) and no B-chemokine receptor genes showed consistent in-
duction. Of the B-chemokine genes that were induced in both
BCG- and sham-vaccinated NHPs, the magnitude of CCL2
(38-fold relative to 8-fold) and CCL11 (5-fold relative to 3-
fold) expression was also higher in the former, relative to the
latter group. The expression of o-chemokines was induced to
high levels in the early lesions derived from both groups of
animals (Figure 4C and 4D). The expression of CXCL16,
CXCR6, CXCL14, CXCL13, and CXCL9 was, however, slightly

higher in early lesions from BCG- rather than sham-vaccinated
animals, though the differences, both in magnitude and breadth,
were nowhere near those observed for B-chemokines. Thus, the
expression of B-chemokines and the recruitment to the lung of
cells in response to this signal correlates with protection, while
the production of a-chemokines alone, in the absence of p-che-
mokines, correlates with disease progression.

Lesions From Unvaccinated Animals Contain Fewer
Macrophages

The o-chemokines CXCL1, CXCL2, CXCL3, CXCL6, and
CXCL8 are major chemoattractant factors for neutrophils [17-21].
In contrast, B-chemokines are mainly responsible for macro-
phage and lymphocyte recruitment and homing (CCL2, CCL3,
CCL4, CCL5, CCL13, CCL19, CCL21) [22-25]. Because
lesions from sham-vaccinated NHPs expressed primarily o-
chemokines, whereas those from BCG-vaccinated NHPs ex-
pressed a better balance of both o- and B-chemokines, we as-
sessed if fewer macrophages (or more neutrophils) are recruited
to the lungs of unvaccinated primates or conversely if more
macrophages (or fewer neutrophils) are recruited to the lungs of
BCG-vaccinated animals following the challenge. To discrimi-
nate between macrophages and neutrophils, a multispectral
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microscopy strategy was devised. Macrophages in nonhuman
primate lungs are mainly CD68" whereas granulocytes are
highly positive for MAC387". Monocytes can also present
MAC387, albeit at lower level [26]. Thus, neutrophils were iden-
tified by MAC387*" while CD68" MAC387 ™" cells were phe-
notyped as macrophages. Week 5 lesions from vaccinated
animals harbored significantly more macrophages, relative to
comparable lesions from the unvaccinated animals (Figure 5A
and 5B). The total number of neutrophils detected in lesions
derived from unvaccinated animals was higher than in lesions
from the unvaccinated animals (Figure 5C and 5D). Thus, the
lesion neutrophil:macrophage ratio was significantly higher for
unvaccinated relative to vaccinated animals (Figure 5E). These
results are in accordance with the observed expression of che-
mokines in the lesions from the 2 groups (Figure 4). Further,
these results confirm the growing understanding that acute pro-
gression of Mpycobacterium tuberculosis infections and the
concomitant immunopathology correlates with decreased mac-
rophage and increased neutrophil recruitment in humans [27]
and mice [28].

IDO Expression is Highly Induced in Tuberculosis Lesions

The expression of IDO was induced approximately 122-fold
in early lesions derived from sham-vaccinated NHPs
(Table 1). In contrast, the expression of IDO was induced ap-
proximately 22-fold in week 5 lesions derived from BCG-
vaccinated NHPs (Table 2). Similarly, the expression of IDO
in late (week 10) lesions from the vaccinated NHPs was signif-
icantly lower than in the time-matched lesions from the un-
vaccinated animals (8-fold vs 26-fold). The expression of IDO
in early (week 5) BCG-vaccinees was comparable to that in
late (week 10) tuberculosis lesions (22-fold vs 26-fold), indi-
cating that the expression of this gene was reduced over the
course of time from peak in both groups of NHPs. Thus, in
the absence of protective vaccination, the expression of IDO
was increased to significantly higher levels and much earlier in
time. Recent reports have shown that Mycobacterium tubercu-
losis infection of macrophages in vitro [15, 29] and in vivo [8]
induces IDO expression. It is being proposed that IDO is part
of a deliberate immune subversion mechanism by intracellular
pathogens [30].

Expression of IDO Occurs in the Ring-Wall Regions of NHP
Tuberculosis Granulomas
Multilabel confocal immunofluorescence was used to verify
the differential expression of IDO in the lung lesions of vacci-
nated and sham-vaccinated animals. The expression of IDO
was detected in all samples studied, but distinctly higher in
samples derived from sham-vaccinated NHPs, thus confirm-
ing the transcriptomic results (Figure 5F and 5G).
Interestingly, the expression of IDO was at its greatest in
cells lining the ring-wall (ie, the inner caseum of the granuloma

lesions) and primarily occurred in larger cells (Figure 5E-H).
Intense expression of IDO has been reported to occur in den-
dritic cells within the ring-wall structure of granuloma lesions
formed following Listeria monocytogenes infection in hu-
mans [31]. Hence, we investigated whether the expression of
IDO was also largely limited to this cell type and region with
the tuberculosis granulomas. The expression of IDO in both
groups of animals did not colocalize with dendritic cells (using
a anti-dendritic cell SIGN antibody) in tuberculosis lesions
(not shown). However, the expression of IDO largely occurred
in the ring-wall structure of the tuberculosis granulomas,
within the macrophage-rich region (Figure 5E-H). These
extremely novel findings point to previously unknown mecha-
nisms that are potentially utilized to control acute granuloma-
tous immunopathology.

DISCUSSION

The long-term control of tuberculosis requires the develop-
ment of efficacious vaccines. In turn, this requires a complete
understanding of the bacterial mediators of virulence and host
mediators of protection in appropriate animal models.
Primate granulomas exhibit highly ordered architecture,
mostly with central necrosis surrounded by a peripheral rim.
Such lesions are thought to be critical for containing Mycobac-
terium tuberculosis replication, and conversely, permitting the
latent survival program of the pathogen [5]. In fact, hypoxia
and necrosis during human tuberculosis infections are likely
to have such profound influence on the physiology of the
pathogen that a study of host-Mycobacterium tuberculosis in-
teraction in hosts with nonhypoxic granulomas [32] may be
misleading [33]. Hence, characterization of primate granulo-
mas allows a better understanding of the mediators of latency
and reactivation.

We characterized the lung granulomas of primates with
active tuberculosis, at an early and a late stage of infection, by
transcriptomics and compared these results to those obtained
from a similar investigation on animals that had been BCG-
vaccinated prior to Mycobacterium tuberculosis challenge. Our
contention was to generate a list of potential markers that may
be able to predict either protection from lethal Mycobacterium
tuberculosis challenge, or progression to acute disease, or both.
Our study has generated several important results. We show
that BCG vaccination significantly reduced the burden of tu-
berculosis in cynomolgus macaques. The vaccinated animals
had significantly reduced bacterial load, clinical correlates of
acute tuberculosis, and immunopathology. BCG vaccination
significantly decreased the potential for the transmission of
the bacilli from the primary site of infection to secondary lung
sites, but did not protect against bolus infection with 250 CFU
Mpycobacterium tuberculosis Erdman at the primary locus.
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Prior BCG vaccination had a substantial effect on the expres-
sion of chemokines, potentially impacting the structure and the
composition of the granuloma, as chemokines orchestrate the
migration of specific immune effector cells expressing their
cognate receptors to the site of infection. The a-chemokines
CXCL1, CXCL2, CXCL3, CXCL6, and CXCL8 are known to
attract neutrophils, which express their cognate receptors
CXCR2, CXCR3, and CXCR5 to high levels. The expression of
these neutrophil-specific chemokines occurred at a comparable
level in the lesions of both BCG- and sham-vaccinated NHPs.
However, both the total number of and the magnitude of expres-
sion of B-chemokines were higher in lesions derived from
vaccinated NHPs (Figure 4). The B-chemokines are responsible
for macrophage and lymphocyte recruitment (CCL2, CCL3,
CCL4, CCL5) and homing to tissues (CCL13, CCL19, CCL21).
Hence, an important marker of protection against Mycobacteri-
um tuberculosis infection may be the expression balance of o-
and B-chemokines or the neutrophil:macrophage ratio in lung
samples.

Neutrophils are the earliest responding cell type following
Mpycobacterium tuberculosis infection and have bactericidal
function. However, there is mounting evidence that increased
recruitment of neutrophils, relative to macrophages, to the
lung following Mpycobacterium tuberculosis infection causes
uncontrolled immunopathology and is detrimental to the res-
olution of the disease [27, 34, 35], perhaps because of inhibi-
tion of macrophage antimycobacterial activity [36-38]. Our
results, obtained using an appropriate model of human tuber-
culosis, support this hypothesis. Vaccinated animals exhibited
fewer neutrophils and more macrophages, and a significantly
lower neutrophil:macrophage ratio in their lung lesions.

IDO was most highly induced in the early lesions of sham-
vaccinated macaques. IDO is responsible for tryptophan deg-
radation in mammals [39]. Because tryptophan is an essential
amino acid, ability to catabolize it represents a strategy by the
immune system to starve pathogens by inducing the expres-
sion of IDO and the resulting depletion of tryptophan, for
example, during infections with Toxoplasma gondii [40, 41].

However, evidence has recently emerged that IDO mediates
powerful immunomodulatory functions downstream of IFN-y [42]
and TNF [31], by inhibiting T helper 1-type response due to
tryptophan starvation [29]. Hence, the stimulation of IDO ex-
pression may constitute a strategy by some pathogens to create
local immune privilege at the site of infection, which could in
turn attenuate innate immune responses and allow pathogen
replication.

IDO expression was highly induced by Mycobacterium tu-
berculosis infection, but to a significantly lower extent in vacci-
nated and protected NHPs. Thus, Mycobacterium tuberculosis
may also utilize the immunomodulatory effects of IDO to
further its replication. This notion is strengthened by the ob-
servation that IDO is almost exclusively expressed in the ring

wall of granuloma lesions. Granuloma formation is a critical
step toward the control of Mycobacterium tuberculosis infec-
tion. Neutrophils, macrophages, and lymphocytes are essential
components of tuberculosis granulomas. Phagocytes are the
major constituents of the ring walls of caseous tuberculosis
granulomas. Concomitantly, lymphocytes are rarely present in
the ring walls (Figure 5F-G). Because IDO generates a strong
anti-T-cell inhibitory effect [31, 43-46], we propose that IDO
in ring wall prevents activated T cells from accessing the path-
ogen in the central caseous region. This may be beneficial to
the host, as infiltration of central granuloma region by T cells
may potentially disrupt the lesion, thus allowing the escape of
the pathogen.

There is evidence to support this notion. Tnf™'~ mice are
highly susceptible to Mycobacterium tuberculosis infections
owing to extensive damage to the granuloma structure by an
uncontrolled type 1 response [47]. When CD4 or CD8 T lym-
phocytes were selectively depleted, the damage to the granulo-
ma structure was abrogated, translating into a prolonged
survival of the susceptible Tnf™'~ mice following challenge. In
our current study, all NHPs exhibited induced levels of IDO
in the ring walls of lung granulomas, but animals with prior
BCG vaccination, which were protected from severe tuberculo-
sis, exhibited several-fold lower IDO levels than animals with
acute disease. Thus, the expression of IDO may be a lung pro-
tective mechanism.

Our model assigns a novel function to IDO in response to
Mpycobacterium tuberculosis infection that would require sub-
sequent experiments in the future for validation. Mice com-
monly used for tuberculosis infections do not exhibit the
highly organized structure of human or primate lung granulo-
mas. Because murine granulomas do not caseate, it is unlikely
that murine lesions will either exhibit such a morphologi-
cally defined expression of INDO. However, recent reports
indicate that C3H:FeJ (Kramnik) mice develop necrotic granu-
lomas [48]. It will be interesting to study the morphology of
INDO expression in Kramnik mice infected with Mycobacteri-
um tuberculosis.
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