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Tuberculosis remains a major public health problem worldwide. Chemokines and cytokines organize and
direct infiltrating cells to sites of infection, and these molecules likely play crucial roles in granuloma
formation and maintenance. To address this issue, we used in situ hybridization (ISH) to measure chemokine
and cytokine mRNA expression levels and patterns directly in lung tissues from cynomolgus macaques (Macaca
fascicularis) experimentally infected with a low dose of virulent Mycobacterium tuberculosis. We examined more
than 300 granulomas and observed abundant expression of gamma interferon (IFN-�)-inducible chemokine
mRNAs (CXCL9/monokine induced by IFN-�, CXCL10/IFN-�-inducible protein, and CXCL11/IFN-�-induc-
ible T-cell �-chemoattractant) within solid and caseous granulomas, and there was only minimal expression
in nongranulomatous regions of tissue. The mRNA expression patterns of IFN-� and tumor necrosis factor
alpha were examined in parallel, and the results revealed that cytokine mRNA� cells were abundant and
generally localized to the granulomas. Mycobacterial 16S rRNA expression was also measured by ISH, and the
results revealed that there was localization predominantly to the granulomas and that the highest signal
intensity was in caseous granulomas. We observed several granulomatous lesions with exceptionally high levels
of RNA for mycobacterial 16S rRNA, IFN-�, and IFN-�-inducible chemokines, suggesting that the local
presence of mycobacteria is partially responsible for the upregulation of IFN-�-inducible chemokines and
recruitment of CXCR3� cells, which were also abundant in granulomatous lesions. These results suggest that
expression of CXCR3 ligands and the subsequent recruitment of CXCR3� cells are involved in granuloma
formation and maintenance.

Tuberculosis is a global public health epidemic; 2 billion
people are currently infected with Mycobacterium tuberculosis,
and 2.2 million deaths occur annually (19). Infection by M.
tuberculosis typically occurs by inhalation of aerosolized micro-
organisms into the lungs, which serve as the primary site of
infection. A granulomatous lesion develops to contain the bac-
teria, and this is effective given that 90% of all M. tuberculosis
infections do not result in active disease (30, 38). M. tubercu-
losis preferentially infects macrophages and appears to be ca-
pable of residing in macrophages in a state that is resistant to
immune responses. Infected macrophages release cytokines,
which increase local inflammation and result in the develop-
ment of a granulomatous lesion (38).

Granulomas are hallmarks of chronic infectious diseases,
such as tuberculosis, brucellosis, and schistosomiasis, and also
develop due to the presence of allergens and metals. The
granulomatous lesions are generally considered to be the result
of chronic antigenic stimulation (10, 36). A tuberculous gran-
uloma is a focal collection of mononuclear cells surrounded by
a halo of lymphocytes and additional monocytes (36, 40, 41, 49,
53). The reaction occurs when an infected macrophage be-
comes encircled by other macrophages and the immune system

attempts to wall off the microorganisms to prevent the bacteria
from spreading locally and throughout the body. This complex
cellular structure can be surrounded by connective tissue, in-
cluding fibroblasts, collagen fibers, and newly formed vessels
(36). A novel morphological characteristic of the granuloma is
the presence of epithelioid cells, which occupy the center of
each lesion. These epithelioid cells are activated macrophages,
which contain increased cytoplasm and disperse chromatin re-
sembling epithelial cells (36). Langhans multinucleated giant
cells are also found in granulomas.

M. tuberculosis induces a proinflammatory immune response
that is characterized by expression of gamma interferon (IFN-
�), tumor necrosis factor alpha (TNF-�), and interleukin-12
(IL-12) (12, 14, 30–32, 45, 53, 56, 57). Although information
has been obtained from bronchoalveolar lavages (BAL) and
lung biopsies during advanced disease in humans, only a small
number of studies have examined the local cytokine expression
patterns associated specifically with granulomas. Examination
of BAL cells has indicated that M. tuberculosis induces a type
1 polarized cytokine response characterized by IFN-� expres-
sion (4, 8, 50, 55). However, when Fenhalls et al. studied
pulmonary granulomas from individuals with active tuberculo-
sis, they found that the expression patterns of IFN-� relative to
those of IL-4 were highly associated with the type of granu-
loma formed (23). Granulomas with no evidence of caseation
expressed either IFN-� mRNA or IFN-� mRNA plus IL-4
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mRNA, whereas caseous granulomas expressed little IFN-�
mRNA or IL-4 mRNA (23). These findings suggest that these
cytokines play a role in determining granuloma architecture.

The development of a granuloma likely depends on the
movement of cells toward the site of inflammation due to
expression of chemotactic molecules, although only one study
to date has examined local chemokine expression directly in
granulomatous tissue sections (24). Proinflammatory chemo-
kines are chemotactic cytokines which play a major role in the
recruitment of receptor-bearing cells to sites of inflammation
(2, 35). The functions of chemokines include chemotaxis, in-
tegrin activation, and degranulation of distinct leukocyte sub-
sets expressing specific chemokine receptors (17). The expres-
sion of proinflammatory chemokines is induced by local
environmental signals, such as TNF-� or IFN-� (2, 48). Gran-
ulomas induced experimentally with mycobacterial agents lead
to the development of type 1 cytokine and chemokine expres-
sion profiles (12, 14, 45). IFN-� induces macrophages and
dendritic cells (DC) to produce IFN-�-inducible CXCR3 li-
gands, CXCL9/monokine induced by IFN-� (Mig), CXCL10/
IFN-�-inducible protein with a size of 10 kDa (IP-10), and
CXCL11/IFN-�-inducible T-cell �-chemoattractant (I-TAC),
which recruit CXCR3� cells (52). CXCR3� cells typically ex-
press type 1 cytokines (18) and therefore can potentially induce
further upregulation of CXCR3 ligands, leading to chronic
type 1 polarized inflammation, which occurs during simian
immunodeficiency virus (SIV) infection of rhesus macaques
(Macaca mulatta) (46).

The local chemokine expression patterns in granulomatous
tissues have not been fully examined directly in tissue sections
thus far. Experimental M. tuberculosis infection in a macaque
model induces granuloma formation remarkably similar to that
seen in humans infected with this pathogen (11, 34, 62). In this
study, we examined the chemokine and cytokine mRNA ex-
pression patterns in lung tissues from M. tuberculosis-infected
cynomolgus macaques (Macaca fascicularis) by in situ hybrid-
ization (ISH). Our results provide direct evidence that IFN-�
mRNA is present and abundant in the granulomas of infected
cynomolgus macaques and that IFN-�-inducible chemokine
mRNAs are upregulated and potentially responsible for the
recruitment of CXCR3� cells that could further skew the im-
mune environment through ongoing IFN-� production. The
abundant expression of IFN-�-inducible CXCR3 ligands and
the inflammatory cytokines IFN-� and TNF-� directly in solid
and caseous granulomas suggests that continual cell recruit-
ment and a state of chronic inflammation likely contribute to
the formation and maintenance of tuberculous granulomas.

MATERIALS AND METHODS

Animals and tissue processing. All animal studies were performed under the
guidance and with the approval of the University of Pittsburgh Institutional
Animal Care and Use Committee. Nine adult cynomolgus macaques were inoc-
ulated with a low dose (approximately 25 CFU) of virulent M. tuberculosis
(Erdman strain) by using a bronchoscope in the lower right lobe, as described
elsewhere (11). The infection was allowed to proceed until the macaques reached
disease states that spanned a spectrum from no apparent disease to advanced
disease. At necropsy, tissues were collected and fixed in 4% paraformalde-
hyde–1� phosphate-buffered saline for 5 h at 40°C, as previously described (20).
After fixation, the tissues were cryoprotected and snap frozen in isopentane
cooled on dry ice to �65°C.

Immunohistochemistry. Immunohistochemical staining of 14-�m tissue sec-
tions was performed by using cell-type-specific antibodies, including anti-CD3

(clone CD3-12; NovoCastra), anti-CD68 (clone KP1; Dako), anti-CD20 (clone
L26; Dako), and anti-CXCR3 (clone 1C6; Pharmingen). Tissue sections were
pretreated in 0.01 M sodium citrate (pH 6.0) by microwaving, followed by
application of the primary antibody (diluted in 1� phosphate-buffered saline) to
the tissues for 1 h in a humid chamber at room temperature. Primary antibodies
were detected with the PicTure-Plus detection system (Zymed Laboratories) by
using 3,3�-diaminobenzidine as the final substrate.

ISH. Riboprobe synthesis and ISH were performed on 14-�m tissue sections
as previously described (15, 20, 46). Cytokine and chemokine mRNAs were
detected by ISH by using gene-specific riboprobes. Plasmids containing macaque
IFN-� and TNF-� cDNAs were kindly provided by Francois Villinger (Emory
University). Plasmids encoding CXCL9/Mig, CXCL10/IP-10, and CXCL11/I-
TAC genes have been described previously (5, 46). The autoradiographic expo-
sure times were 7, 10, and 11 days for chemokine mRNA ISH, cytokine mRNA
ISH, and M. tuberculosis 16S rRNA ISH, respectively.

Quantitative image capture and analysis. Each granuloma present in lung
tissue sections was categorized as a solid or caseous granuloma. ISH signal
intensities were measured by quantitative image analysis. Using an RT Slider
Spot camera (Diagnostic Instruments, Inc.), we captured images of all granulo-
mas with a �4 objective lens. The MetaView software package (Universal Im-
aging Corp.) was used to measure the surface area covered by autoradiographic
silver grains, as well as the total surface area of the granuloma. After color
separation, the green channel was converted to pseudocolor, and the image was
thresholded to measure the surface area covered by silver grains.

M. tuberculosis 16S rRNA subcloning and sequencing. The 16S ribosomal
DNA from M. tuberculosis strain H37Rv was amplified by PCR by using se-
quence-specific forward primer 5�-GGCGTGCTTAACACATGCAA-3� and re-
verse primer 5�-CGCTCACAGTTAAGCCGT-3�, as previously described (43).
The amplified product (550 bp) was subcloned into pGEMT, and the DNA was
sequenced, which revealed 100% homology to 16S rRNA genes of both the
H37Rv and CDC1551 strains of M. tuberculosis (data not shown).

RESULTS

Classic granulomatous lesions arise in macaque pulmonary
tissues. To address key issues regarding granuloma formation
and maintenance in a nonhuman primate model, cynomolgus
macaques were inoculated intrabronchially with a low dose of
virulent M. tuberculosis (Erdman strain). All nine animals ex-
amined in this study were successfully infected, as demon-
strated by a tuberculin skin test, by the peripheral blood mono-
nuclear cell lymphoproliferative response to mycobacterial
antigens, by positive bacterial cultures obtained from BAL,
and by radiographic observations. Detailed clinicopathological
and bacteriological findings have been presented separately
(11). The animals varied in the rate and extent of disease
progression, but all of the animals had macroscopic (gross)
lesions in the lung tissues at necropsy. They were classified as
exhibiting minimal or moderate disease or advanced disease
based on their clinical condition and on gross and microscopic
pathological findings. The pulmonary granulomas detected in
the tissue sections varied in size and structure (Table 1). We
examined more than 300 granulomas in seven of the nine
animals, and 93% of the granulomas were observed in animals
with advanced disease (Table 1). The surface areas of the
granulomas in 14-�m tissue sections ranged from 1.5 � 104 to
5.5 � 106 �m2, and approximately two-thirds of the granulo-
mas were caseous. If macaque M15300, which harbored the
majority of the granulomas examined, was removed from the
summary, the mean surface areas for solid and caseous gran-
ulomas were 1.4 �105 and 7.1 � 105 �m2, respectively, and
37% of the granulomas were caseous. Caseous granulomas
were present in all of the animals with granulomas, but the
majority of these granulomas were observed in the macaques
with advanced disease. Solid granulomas were present more
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frequently than caseous granulomas in animals with minimal or
moderate disease. However, animals with advanced disease
harbored more granulomas, and therefore, the majority of the
solid granulomas were observed in these macaques.

The cellular compositions of the granulomatous structures
were examined by immunohistochemical (IHC) staining of for-
malin-fixed, cryopreserved tissue sections. Both solid and ca-
seous granulomas were predominantly comprised of macro-
phages (CD68�) and lymphocytes (Fig. 1). The lymphocytes
were mainly T lymphocytes (CD3�), but B lymphocytes
(CD20�) were also detected in the granulomatous lesions as a
mixed population of diffusely and intensely staining cells (Fig.
1G and H). Regardless of the disease state, the compositions
of the numerous granulomas were similar in all macaques.
CD68� cells (Fig. 1C and D) were more abundant than the
other cell types examined, and the staining pattern was distrib-
uted throughout the cellular portions of the lesions. The T
lymphocytes (CD3�) (Fig. 1E and F) were dispersed through-
out the cellular portions of the granulomatous lesions, whereas
the rare B lymphocytes (CD20�) (Fig. 1G and H) were not in
a particular location but were localized in peripheral focal
collections in caseous granulomas. The CD4�/CD8� ratio of T
lymphocytes for a small number of disaggregated granulomas
from five animals ranged from 0.37 to 1.11 (mean, 0.68). To-
gether, these data indicate that cynomolgus macaques inocu-
lated intratracheally with a low dose of virulent M. tuberculosis
develop classic granulomas.

Abundant expression of IFN-�-inducible CXCR3 ligands in
granulomatous lesions. Chemokines likely play multiple roles
in M. tuberculosis-associated granuloma formation and main-
tenance, including shaping of the local immune environment.
Since IFN-� is a cytokine that is critical for host resistance to
M. tuberculosis disease progression in mice and humans (16, 25,
29, 39), we determined the patterns and levels of expression of
mRNAs encoding the IFN-�-inducible chemokines CXCL9/
Mig, CXCL10/IP-10, and CXCL11/I-TAC directly in lung tis-
sues from experimentally infected macaques. This approach
can reveal changes in mRNA expression levels that might not
be as evident if RNAs from homogenized tissues are used in
population analyses. ISH of these CXCR3 ligand mRNAs re-

vealed extremely abundant expression within the granuloma-
tous lesions; the highest signal was observed for CXCL9/Mig
and the lowest signal was observed for CXCL11/I-TAC in both
solid and caseous granulomas (Fig. 2). In contrast, nongranu-
lomatous regions of lung tissue and lung tissue from M. tuber-
culosis-naı̈ve control macaques rarely exhibited appreciable ex-
pression of any CXCR3 ligand mRNA (Fig. 2) (data not
shown). Solid granulomas had intense ISH signals concen-
trated only in the central portions of the granulomas, whereas
caseous granulomas had intense ISH signals concentrated in
the cellular portions of the granulomas surrounding the acel-
lular centers (Fig. 2).

To measure mRNA expression, we performed quantitative
image analysis of the tissue sections using the MetaView soft-
ware package. We measured the total surface area of each
granuloma, as well as the proportion of the cellular surface
area covered by autoradiographic silver grains. Acellular, ne-
crotic regions were excluded from the calculations. As ex-
pected, the amount of thresholded surface area attributed to
silver grains increased as the total surface area of the granu-
loma increased for both solid and caseous granulomas (data
not shown). We then determined the percentage of cellular
surface area covered by ISH signals (Fig. 3). The percentage of
thresholded surface area measured for cellular portions of
granulomas for the CXCL9/Mig ISH signal was the highest
percentage for the three CXCR3 ligand mRNAs, and the
mean percentages of thresholded area were 48 and 51% for
solid and caseous granulomas, respectively (Table 2). The
mean percentages of thresholded surface area for CXCL9/
Mig, CXCL10/IP-10, and CXCL11/I-TAC in the granulomas
from animals with advanced disease were approximately two-
fold higher than the mean percentages in the granulomas from
animals with minimal or moderate disease (Fig. 3 and Table 2).
In summary, IFN-�-inducible chemokines were dramatically
upregulated in macaque pulmonary granulomatous lesions
compared to the levels in nongranulomatous tissue and naı̈ve
controls.

The high levels of expression of CXCR3 ligands would be
expected to lead to recruitment of CXCR3� cells to the local
environment. To identify CXCR3� cells, we performed IHC

TABLE 1. Animals and clinicopathological findings

Animal Duration of
infection (weeks)

Radiographic
resultsa Disease course

Granulomas

Total
no.e

No. of solid
granulomas

No. of necrotic
granulomas Size (�m2)f

M7100 9b � Moderate disease 2 0 2 424,136–1,820,000
M15300 10c ��� Advanced disease 233 56 177 16,836–5,486,090
M15000 16b �� Moderate disease 13 12 1 20,185–996,507
M14600 17b � No diseased 0
M15100 17b � Moderate disease 7 6 1 33,606–1,020,000
M11301 32c ��� Advanced disease 15 9 6 40,992–1,250,000
M11201 37c ��� Advanced disease 24 12 12 28,620–2,327,970
M7200 41c ��� Advanced disease 7 4 3 14,882–2,060,000
M15200 64b � Minimal disease 0

a Radiographic results at necropsy. M14600 was the only macaque that did not have a positive radiographic result. However, viable M. tuberculosis bacilli were
cultured from lung homogenates at necropsy. Scoring of � to ��� was based on the extent of involvement as described previously (11).

b Sacrificed at a scheduled time.
c Sacrificed due to extreme clinical symptoms.
d Only a few macroscopic granulomas were observed at necropsy.
e Number of granulomas examined in tissues.
f Surface area in 14-�m tissue sections.
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staining with an anti-CXCR3 monoclonal antibody (Fig. 1I and
J). CXCR3� cells were more abundant in granulomatous re-
gions than in nongranulomatous regions of macaque lung tis-
sues. The CXCR3� cells were not concentrated only in specific
areas of the granulomatous lesions but were generally well
localized with expression of the CXCR3 ligand mRNAs. The
increased abundance of these receptor-bearing cells in the
granulomatous lesions was consistent with increases in CXCR3
expression in BAL cells obtained from the same macaques
(data not shown)

Expression of IFN-� and TNF-� mRNAs is elevated in gran-
ulomatous lesions. Previous studies have shown that IFN-�
plays a protective role in the host response to M. tuberculosis,
that TNF-� is important in granuloma formation and mainte-
nance (6, 9, 13, 48), and that both cytokines can induce expres-
sion of subsets of chemokines (2, 48). Therefore, we examined
the patterns and levels of expression of the mRNAs of these

cytokines in M. tuberculosis-induced granulomatous lesions in
cynomolgus macaques. TNF-� and IFN-� mRNA� cells were
abundant in the granulomatous lesions of these macaques (Fig.
2I to L) but were extremely rare in nongranulomatous regions
of lung tissue sections. These TNF-� and IFN-� mRNA� cells
were found in the cellular regions of granulomas and colocal-
ized with the IFN-�-inducible chemokine ISH signal (Fig. 2C
to H). In contrast, no IL-4 mRNA� cells were observed in any
of the same tissue sections (data not shown). As a measure of
local cytokine mRNA expression, we manually counted the
cytokine mRNA� cells in each granuloma. An ISH signal for
IFN-� mRNA was present as a dense focal collection of silver
grains (Fig. 2I and J), whereas an ISH signal for TNF-� mRNA
was present as networks of more diffuse signal (Fig. 2K and L).
The number of IFN-� mRNA� cells per 14-�m granuloma
section was greater than the number of TNF-� mRNA� cells
in both groups of animals (Fig. 3B and Table 2), and caseous

TABLE 2. Quantitation of chemokine, cytokine, and mycobacterial RNA expression in granulomatous lesions of cynomolgus macaques
experimentally infected with M. tuberculosis

Lesions Disease
severity Animal No. of

granulomas
Granuloma
size (�m2)a

No. of myco-
bacterial

rRNA
collectionsb

No. of IFN-�
mRNA�

cellsc

No. of TNF-�
mRNA�

cellsc

CXCL9/
Mig ISH

signal (%)d

CXCL10/
IP-10 ISH

signal (%)d

CXCL11/
I-TAC ISH
signal (%)d

Solid Minimal or
moderate

M15000 12 184,882 0.9 38.2 31.2 23.54 35.89 8.47

M15100 6 157,386 0.0 6.5 2.5 9.54 6.83 1.56
Avg 175,717 0.8 27.0 21.1 18.29 17.58 6.17

Advanced M7200 4 189,597 2.0 46.0 NAe 26.96 19.37 31.07
M11201 12 135,894 NA 2.8 3.1 55.68 43.10 6.82
M11301 9 131,056 1.4 39.4 11.2 49.53 42.59 27.11
M15300 56 337,018 3.9 20.6 14.1 57.15 28.37 15.87
Avg 277,057 3.5 23.1 11.6 55.02 32.08 17.15

Allf 258,631 2.8 24.1 14.0 48.03 29.15 14.48
(0–156) (0–130) (1.33–84.22) (0.16–90.53) (0.08–75.44)

Caseous Minimal or
moderate

M7100 2 1,122,068 NA 114.0 42.0 40.23 23.48 10.01

M15000 1 996,507 0.0 47.0 NA 30.60 22.60 0.26
M15100 1 1,020,000 NA 20.0 10.0 16.86 8.17 1.99
Avg 1,065,161 0.0 60.3 26.0 29.23 18.09 5.57

Advanced M7200 3 875,262 4.3 92.3 NA 32.61 27.14 22.95
M11201 12 591,442 NA 39.6 13.0 60.11 41.27 12.88
M11301 6 634,611 246.0 112.8 28.8 51.93 44.15 22.16
M15300 177 678,735 4.1 49.1 28.0 51.32 32.75 11.52
Avg 675,010 45.17 51.8 26.9 51.58 33.53 12.00

Allf 682,892 45.0 51.9 26.9 51.19 33.25 11.83
(1–238) (2–135) (14.14–99.38) (0.35–74.44) (0.26–40.16)

a Average surface area of granulomas per 14-�m section.
b Average number of mycobacterial 16S rRNA focal collections per 14-�m section of granuloma.
c Average number of mRNA� cells per 14-�m section of granuloma.
d Average percentage of cellular surface area comprised of autoradiographic silver grains.
e NA, not available.
f Average (range) for all lesions in each group.

FIG. 1. Structures and cellular compositions of lung granulomas of cynomolgus macaques experimentally infected with M. tuberculosis. Each
granuloma in lung tissue sections was categorized as solid (e.g., animal M11201) (A, C, E, G, and I) or caseous (e.g., animal M11301) (B, D, F,
H, and J). The boxes in panels A and B indicate the regions of the granulomas in subjacent sections which are shown in panels C to J, and the
necrotic portions of the granulomas are also indicated (n). Specific cell types were identified by IHC staining by using antibodies directed against
CD68 (C and D), CD3 (E and F), CD20 (arrows) (G and H), and CXCR3 (arrows) (I and J). CXCR3� cells were also detected as an indirect
measure of the recruitment of CXCR3� cells to the granuloma (I and J). The necrotic portions of the granulomas are in the top left and bottom
right corners of the micrographs in panels D, F, H, and J. A parallel analysis with isotype control antibodies yielded no IHC signal (insets in panels
C and D). Original magnifications, �100 (A and B) and �200 (C to J).
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granulomas harbored higher numbers of IFN-� mRNA� cells
per granuloma than solid granulomas harbored (Fig. 3B and
Table 2). The average numbers of IFN-� mRNA� cells were
24 and 52 mRNA� cells per 14-�m section of granuloma for
solid and caseous granulomas, respectively (Table 2), whereas
the average numbers of TNF-� mRNA� cells were 14 and 27
mRNA� cells per section of granuloma for solid and caseous
granulomas, respectively. However, the mean values in Table 2
indicate that the numbers of IFN-� mRNA� cells present in
the cellular regions of granulomas were roughly proportional
to granuloma size.

Detection and quantitation of M. tuberculosis 16S rRNA in
pulmonary granulomatous lesions. The high levels of chemo-
kine and cytokine mRNA expression which we observed in
granulomatous lesions might have been associated with high
numbers of local mycobacteria or mycobacterial products. To
address this possibility, we performed ISH using a riboprobe
specific for mycobacterial 16S rRNA. ISH with this riboprobe
readily allowed detection of the mycobacterial 16S rRNA in
lung tissue sections of cynomolgus macaques (Fig. 4). No spe-
cific ISH signal was detected in the corresponding sense con-
trol probe experiments (Fig. 4E, inset). The ISH signal ob-
served was typically a compact collection of silver grains or,
more rarely, a more diffuse collection of silver grains scattered
over an entire lung cell. We based our enumeration of the
mycobacterial 16S rRNA� focal collections on the assumption
that a focus represented either a single bacterium or a collec-
tion of bacteria that could not be individually distinguished.
Although mycobacterial 16S rRNA� foci were detected in
both solid (Fig. 4A) and caseous (Fig. 4B) granulomas, they
were more abundant in the caseous granulomas, and they were
also more abundant in the macaques with advanced disease
than in the macaques with minimal or moderate disease. The
mycobacterial 16S rRNA� focal collections were observed in
both the cellular regions and the central caseating portions of
granulomas. Frequently, 16S rRNA� focal collections were in
close proximity to each other in cellular regions of granulomas,
but the greatest ISH signals were observed in the acellular
centers of caseous granulomas. In animal M11301 with ad-
vanced disease, 1,820 16S rRNA� foci were detected in a
single 14-�m section of an exceptional granuloma (Fig. 4C). If
we assumed that this entire granuloma was spherical and that
the tissue section represented the largest diameter of the gran-
uloma, the entire granuloma (2.5 � 1010 �m3) was estimated
to harbor a minimum of 303,394 mycobacteria. The IFN-�
mRNA ISH signal obtained in a subjacent section of the same
granuloma was extremely high (Fig. 4D), as were the intense
ISH signals for TNF-� and CXCR3 ligand mRNAs (data not
shown).

In another animal with advanced disease (animal M15300),

we observed a cavitating lesion (Fig. 4E and F). This lesion,
which protruded into an airway, had high numbers of myco-
bacterial 16S rRNA� focal collections in the protruding region
(Fig. 4E). The local expression of IFN-� mRNA was also
exceptionally abundant (Fig. 4F), and the ISH signal colocal-
ized with the 16S rRNA� foci. CXCR3 ligand mRNA expres-
sion was similarly abundant in this cavitating lesion (data not
shown).

DISCUSSION

In this study we examined local chemokine and cytokine
mRNA expression and the local mycobacterial burden in pul-
monary granulomatous lesions resulting from intrabronchial
infection of cynomolgus macaques with a low dose of virulent
M. tuberculosis. This was one of the first studies of chemokine
expression directly in granulomatous tissue sections. We found
abundant expression of mRNAs encoding the proinflammatory
cytokines IFN-� and TNF-�, as well as IFN-�-inducible
CXCR3 ligands, within all granulomas regardless of size or
structure. The general absence of cells expressing these
mRNAs in nongranulomatous regions of lung tissues suggests
that they play a local role in granuloma formation and main-
tenance. Based on these findings we propose a model for M.
tuberculosis-initiated, IFN-�-driven chronic inflammation in
pulmonary granulomas that is similar to a model for the events
occurring in lymphoid tissues of SIV-infected rhesus macaques
(46).

Cynomolgus macaques are susceptible to M. tuberculosis in-
fection and develop disease that is clinically, immunologically,
and pathologically similar to human disease (11, 34, 62). In-
terestingly, approximately 40% of cynomolgus macaques in-
fected with a low dose of M. tuberculosis were able to contain
the infection in a subclinical state during the period of study.
This subclinical state resembles clinical latency in humans (11,
62) and indicates that cynomolgus macaques are an appropri-
ate animal model for latency (11, 62) and reactivation (11)
during M. tuberculosis infection. Although the proportion of
cynomolgus macaques that develop active disease is higher, it
is similar to the outcome of infection in humans, in which only
10% of individuals infected with M. tuberculosis develop overt
disease. At the tissue level, M. tuberculosis-induced granulomas
in cynomolgus macaques are structurally similar to granulomas
that develop in humans.

We demonstrated by direct analysis of tissue sections using
ISH that there are high levels of expression of IFN-�-inducible
chemokine mRNAs and increased numbers of IFN-� and
TNF-� mRNA� cells in pulmonary granulomas. CXCR3�

cells, which are predominantly activated T and B lymphocytes
and NK cells (42, 51, 52, 54), are likely recruited to the local

FIG. 2. ISH detection of IFN-�-inducible chemokine and cytokine mRNAs in granulomatous lung tissues from M. tuberculosis-infected
cynomolgus macaques. ISH was performed with lung tissue sections by using IFN-�-inducible chemokine- and cytokine-specific riboprobes, and
representative fields from subjacent sections are shown. Low-magnification micrographs of the ISH for CXCL9/Mig highlight the granulomatous
tissue in panels A and B, and the boxes indicate the granulomatous regions that are shown in panels C to L. ISH was performed for CXCL9/Mig
(C and D), CXCL10/IP-10 (E and F), and CXCL11/I-TAC (G and H) mRNAs in solid (C, E, and G) and caseous (D, F, and H) granulomas. IFN-�
(I and J) and TNF-� (K and L) mRNAs were detected by ISH in solid (I and K) and caseous (J and L) granulomatous lesions. The necrotic portion
of the granuloma is in the top left corner of the micrographs in panels D, F, H, J, and L. Parallel hybridizations with control sense riboprobes
resulted in no autoradiographic signal (insets in panels C and D). Original magnifications, �20 (A and B), �100 (C to H), and �200 (I to L).
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FIG. 3. Quantitative image analysis of ISH signals for IFN-�-inducible chemokine and cytokine mRNAs and mycobacterial 16S rRNA in
granulomatous lesions. Chemokine-specific ISH, cytokine-specific ISH, and mycobacterium-specific ISH were performed with granulomatous lung
tissues from experimentally infected macaques. For quantitation of the chemokine mRNA ISH signal, a digital image of each granuloma was
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environment. Our detection of abundant CXCR3� cells in
pulmonary granulomas provides evidence that this recruitment
occurs. Although not examined here, local proliferation and
apoptosis also likely contribute to accumulation and loss of
cells, respectively, and affect overall granuloma size and struc-
ture.

Previous studies of chemokine expression during M. tuber-
culosis infection included in vivo murine studies and ex vivo
and limited tissue-based human studies. Mice infected by the
aerosol route exhibited increases in CCL3/MIP-1�, CXCL2/
MIP-2, CXCL10/IP-10, and CCL2/MCP-1 expression in lungs
(47). In addition, granulomas elicited in mice by purified pro-

FIG. 4. ISH detection of mycobacterial 16S rRNA and IFN-� mRNA in granulomas in experimentally infected cynomolgus macaques. ISH was
performed with lung tissues by using riboprobes specific for the mycobacterial 16S rRNA and IFN-� RNAs, and representative fields are shown.
Mycobacterial 16S rRNA was detected in tissues with solid (e.g., animal M15000) (A) and caseous (e.g., animal M15300) (B) granulomas in animals
with moderate disease (A) and advanced disease (B). Necrotic granulomas with abundant mycobacterial 16S rRNA (animal M11301) (C) and
IFN-� mRNA (animal M11301) (D) ISH signals are also shown, as are cavitating lesions with abundant 16S rRNA (animal M15300) (E) and IFN-�
mRNA (animal M15300) (F) ISH signals. Parallel hybridizations with control sense riboprobes provided no autoradiographic signal (insets in
panels E and F). Original magnifications, �20 (E and F), �100 (A, C, and D), �200 (B).

captured. The proportion of cellular surface area covered by silver grains was determined by using the threshold and measure tools of the
MetaView software package (A). The numbers of IFN-� and TNF-� mRNA� cells per 14-�m section of granuloma were determined for each solid
and caseous granuloma (B). To measure the local mycobacterial load, ISH for mycobacterial 16S rRNA was performed, and the numbers of
mycobacterial 16S rRNA� cells and focal collections were determined for 14-�m sections of each solid and caseous granuloma (C). Each data point
represents the value obtained for an individual granuloma. c, caseous; s, solid.
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tein derivative-coated beads had a polarized type 1 immune
response with increased levels of expression of CXCL2/MIP-2,
CXCL5/LIX, CXCL10/IP-10, and CXCL9/Mig (14, 45). In
these studies, neutralization of IFN-� with antibodies greatly
reduced the expression of CXCL9/Mig and CXCL10/IP-10.
Human studies of patient-derived BAL or alveolar and periph-
eral macrophages revealed increased expression of CXCL8/
IL-8, CCL5/RANTES, CCL3/MIP-1�, CCL2/MCP-1, and
CXCL10/IP-10 (24, 53). The one other ISH and IHC report of
chemokine expression in human tuberculous granulomas dem-
onstrated that there was localized expression of CXCL10/IP-
10, CXCL8/IL-8, and CCL2/MCP-1 within granulomas (24).

The strategy which we have used for detection of cells pro-
ducing proinflammatory chemokines and cytokines is targeted
toward mRNA expressed by the producing cell. This approach
reveals the locations and numbers of cells that produce these
immunomodulatory proteins, but it does not indicate the lo-
cations or amounts of actual proteins. Although this is a lim-
itation of our study, the detection of chemokine and cytokine
proteins is complicated by the diffusion of proteins that occurs
after release into the extracellular milieu. The detection of
different proteins by IHC is also complicated by the unique
physiochemical properties of each antigen-antibody pair com-
pared to the properties of RNA-RNA hybrids, which generally
have the same physiochemical properties. Our ISH strategy
has the additional advantage that it can reveal focal changes in
mRNA expression that might not be detected by population
analyses of extracted tissue RNAs due to dilution.

Previous in situ studies of human tuberculous granulomas
revealed local production of TNF-� and IFN-� mRNAs in all
granulomatous lesions, but only a fraction of these lesions
expressed IL-4 mRNA (23). Our data are consistent with these
findings in that IFN-� mRNA was much more abundant than
IL-4 mRNA, but they differ in that we did not detect any IL-4
mRNA by our ISH assay, as also observed by other workers
with human granulomas (3). Limited expression of both IFN-�
and IL-4 mRNAs has been suggested to be associated with
progression of granulomas to a necrotic state (23). However,
we observed an association between the numbers of local
IFN-� and TNF-� mRNA� cells and the sizes (and necrotic
states) of pulmonary granulomas. The reasons for the differ-
ences between our findings and those of other workers (23) are
not clear but could include differences with respect to (i) the
host species studied, (ii) the disease and treatment status of the
study subjects, (iii) the tissue-processing protocols, and/or (iv)
the ISH probe and detection strategies.

Based on our finding that there was abundant expression of
CXCR3 ligands, IFN-�, and TNF-� in pulmonary granuloma-
tous lesions, we propose a model for the contributions of these
molecules to the chronic inflammation that results in granu-
loma formation and maintenance, which is similar to a model
previously proposed for chronic inflammation in SIV-infected
lymphoid tissues (46). First, infection of alveolar macrophages
or DC leads to induction of proinflammatory cytokines and
chemokines (for example, by interaction of mycobacterial an-
tigen with Toll-like receptors [TLRs]). Additional cells are
therefore recruited to the local environment. Immune re-
sponses specific to M. tuberculosis develop following the traf-
ficking of pulmonary DC to draining lymph nodes, which re-
sults in the trafficking of type 1 CD4� and CD8� T

lymphocytes to the site of M. tuberculosis infection, and these
cells produce IFN-�. IFN-� function is enhanced in the pres-
ence of TNF-�, which is well documented as an important
cytokine in the immune response to M. tuberculosis and in
granuloma formation (6, 9, 13, 48). Both local production of
IFN-� and TLR stimulation induce the expression of CXCR3
ligands and thus recruit CXCR3� T lymphocytes and NK cells
to the site of M. tuberculosis infection. CXCR3 ligands con-
tribute to further polarization of the local environment be-
cause they augment the ability of IFN-� to induce additional
CXCR3 ligand production and lead to a type 1 outcome fol-
lowing stimulation of T lymphocytes with polyclonal activators
or specific antigens (28). In this model, the collective outcome
is the establishment and maintenance of a positive feedback
loop in which local IFN-� production leads to the ongoing
recruitment of additional IFN-�-producing cells. Also, this
suggests that IFN-� has a role in granuloma formation and
maintenance beyond induction of an antimicrobial state in
infected cells. Thus, there are common themes in M. tubercu-
losis and SIV infections of macaques that, if recapitulated in
humans infected with both organisms, might contribute to a
significantly poorer prognosis than the prognosis for individu-
als infected with either pathogen alone.

In addition to effects of antigen-specific type 1 immune re-
sponses, M. tuberculosis bacilli or mycobacterial components
also have direct effects on local cytokine and chemokine ex-
pression profiles in and near pulmonary granulomas. In vitro
analyses have demonstrated that mycobacterial cell wall com-
ponents induce expression of proinflammatory cytokines via
TLR-2 and TLR-4 (37, 58). Although alveolar macrophages
are initially involved in the uptake of M. tuberculosis, DC and
monocyte-derived interstitial macrophages also phagocytose
and process M. tuberculosis (59). Interestingly, Lande et al.
recently demonstrated that M. tuberculosis infection of DC
leads to induction of CXCL9/Mig and CXCL10/IP-10, the lat-
ter in an IFN-��-dependent fashion (33).

In this model we have not included other complex factors,
such as complex multichemokine gradients that lead to simul-
taneous synergistic or antagonistic signals on cells (26). In
addition, there are likely to be negative regulatory activities
that occur at the same time. A candidate for such regulation is
the lymphocyte cell surface protein CD26 (also known as
dipeptidylpeptidase IV), which catalyzes the removal of N-
terminal dipeptides from suitable substrates containing a pen-
ultimate proline or alanine (60). Cleavage by CD26 differen-
tially affects the activity of specific chemokines, rendering some
chemokines inactive and others more potent (60). CD26 pro-
teolytically processes all three CXCR3 ligands and converts
them to antagonists of CXCR3-mediated chemotaxis (44). De-
termination of the roles played by such complex factors in
granuloma formation and maintenance requires further anal-
ysis.

To determine whether the immunologic events that occur in
granulomatous lesions are due to the abundance of local M.
tuberculosis bacilli or products, we developed an ISH strategy
for detection of mycobacterial 16S rRNA directly in tissue
sections. One frequently used strategy for in situ detection of
M. tuberculosis is acid-fast staining. However, the sensitivity of
this procedure is reduced by the common treatment of tissues
with formalin and xylene (27). Overall, we found a relatively
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low number of foci hybridizing to the mycobacterial 16S rRNA
probe in most animals, although two animals with advanced
disease had much higher levels of signal. Most of the myco-
bacterial 16S rRNA ISH signal was localized to the necrotic
portions of the granulomas, although some signal was localized
to the cellular regions of caseous and solid granulomas. Our
probe for detection of M. tuberculosis does not discriminate
between viable and nonviable organisms or between metabol-
ically active and inactive states of the bacillus, but it detects an
RNA target that is stable and abundant (1, 7, 61). This might
explain the different localization of the M. tuberculosis ISH
signal in our study compared to the localization in the studies
of Fenhalls et al. (21, 22), in which the ISH signal was localized
to cells in the cellular and surrounding regions of the granu-
lomas. Once they reach a certain size or have a certain fluidic
composition, the necrotic centers of caseous granulomas might
provide a hospitable environment for the organism. Further
studies with additional probes and tuberculosis cases and
stages are needed to fully understand the importance of the
numbers and states of mycobacterial organisms for granuloma
formation and maintenance.

In summary, through examination of over 300 M. tuberculo-
sis-induced pulmonary granulomas in experimentally infected
cynomolgus macaques, we demonstrated that there was abun-
dant IFN-�-inducible chemokine and IFN-� and TNF-� cyto-
kine mRNA expression within the granulomas. The abundant
staining of CXCR3� cells in the same microenvironments is
consistent with recruitment of these cells to the granulomas.
These findings, as well as our findings of colocalized M. tuber-
culosis 16S rRNA in the pulmonary granulomas, suggest that
the nature of the type 1 immune response and the direct action
of mycobacterial components together lead to the establish-
ment of chronic inflammation. There must be a complex bal-
ance among the inflammatory responses, antigen-specific re-
sponses, and negative regulatory mechanisms that determines
the extent to which a granuloma contains the bacillus or de-
velops into a structure that allows the organism to multiply and
spread within and among hosts. Additional definition of the
contributions of IFN-�-inducible and other chemokines to
these processes should elucidate mechanisms by which granu-
lomas successfully limit or eliminate M. tuberculosis bacilli.
These data should be important for developing additional
strategies to combat morbidity and mortality caused by M.
tuberculosis.
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