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Cynomolgus macaques infected with low-dose Mycobacterium tuberculosis develop both active tuberculosis and latent infec-
tion similar to those of humans, providing an opportunity to study the clinically silent early events in infection. 18Fluorodeoxyg-
lucose radiotracer with positron emission tomography coregistered with computed tomography (FDG PET/CT) provides a non-
invasive method to measure disease progression. We sought to determine temporal patterns of granuloma evolution that
distinguished active-disease and latent outcomes. Macaques (n � 10) were infected with low-dose M. tuberculosis with FDG
PET/CT performed during infection. At 24 weeks postinfection, animals were classified as having active disease (n � 3) or latent
infection (n � 6), with one “percolator” monkey. Imaging characteristics (e.g., lesion number, metabolic activity, size, mineral-
ization, and distribution of lesions) were compared among active and latent groups. As early as 3 weeks postinfection, more pul-
monary granulomas were observed in animals that would later develop active disease than in those that would develop latent
infection. Over time, new lesions developed in active-disease animals but not in latent animals. Granulomas and mediastinal
lymph nodes from active-disease but not latent animals consistently increased in metabolic activity at early time points. The
presence of fewer lesions at 3 weeks and the lack of new lesion development in animals with latent infection suggest that innate
and rapid adaptive responses are critical to preventing active tuberculosis. A greater emphasis on innate responses and/or rapid
recruitment of adaptive responses, especially in the airway, should be emphasized in newer vaccine strategies.

The success of Mycobacterium tuberculosis as a human pathogen
is underscored by the fact that one-third of the world’s popu-

lation is infected with the bacillus. The majority (90%) of humans
infected with M. tuberculosis develop latent infection, an asymp-
tomatic state, while the remaining will develop active tuberculosis
(TB). In 2012, there were 8.6 million new cases of active TB and 1.3
million deaths worldwide (1). Little is known about what specific
events in the course of infection lead to the outcomes of active
disease or latent infection, which impedes development of new
strategies to prevent infection and disease.

Tuberculous lesions can be detected by 18F-fluorodeoxyglu-
cose with positron emission tomography coregistered with
computed tomography (FDG PET/CT) in several animal mod-
els of tuberculosis, including the nonhuman primate, although
this has mostly been reported in the context of drug efficacy
studies (2–4). The use of PET/CT facilitates real-time, serial in
vivo assessments of disease progression without the need for
sacrificing experimental animals. After low-dose intrabron-
chial inoculation of M. tuberculosis, cynomolgus macaques de-
velop both active and latent states of infection similar to those of
humans (5, 6). Here, we used serial PET/CT imaging to quantify
differences in evolution of lesions (granulomas) in animals that
developed latent infection or active TB. These data strongly sup-
port that early events are crucial in determining the outcome of
infection; thus, they will be important targets for immunologic
interventions.

MATERIALS AND METHODS

M. tuberculosis infection in cynomolgus macaques. Adult cynomolgus
macaques (Macaca fascicularis) were infected via bronchoscopic inocula-
tion of low-dose M. tuberculosis (Erdman strain; �16 CFU per animal)
directly into the airway of the lower lobe after standard screening and
quarantine practices (5, 6). During the course of infection, animals were
monitored clinically, microbiologically (growth of M. tuberculosis by gas-
tric aspirate [GA] and bronchoalveolar lavage [BAL] specimens), and for
inflammatory state (erythrocyte sedimentation rate [ESR]) as previously
described (5, 6). Six months after infection, animals were classified as
having latent or active disease based on previously established criteria (5,
6). Briefly, macaques with latent infection had no clinical signs of active
TB, with normal ESR, and no growth of M. tuberculosis on GA or BAL
specimens beyond 2 months postinfection. Animals with active TB
showed clinical signs of disease, growth of M. tuberculosis by GA or BAL
specimens, and/or elevated ESR. Using these criteria, animals with active
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disease have more gross pathology, greater overall bacterial burden, and
more bacterial dissemination than latent animals, as previously published
(6). Once clinical classifications were made, imaging patterns were com-
pared at each time point to determine whether there were differences
among latent and active TB. All procedures and protocols were approved
by the University of Pittsburgh’s Institution for Animal Care and Use
Committee.

FDG PET/CT imaging. Serial 2-deoxy-2-[18F]-D-deoxyglucose
(FDG) PET imaging with CT was performed using a microPET Focus 220
preclinical PET scanner (Siemens Molecular Solutions, Knoxville, TN)
and a clinical 8-slide helical CT scanner (Neurologica Corp., Danvers,
MA) in a biosafety level 3 facility as previously described (4). Lesions were
identified by our analyst (M. T. Coleman) and measured in size by CT
(based on an axial view of the lesion). A region of interest was drawn on
the PET image in the axial view to measure metabolic activity (FDG avid-
ity) by SUV (standard uptake volume ratio adjusted by size and normal-
ized to muscle to reduce the variability between scans) as described pre-
viously (4). Scans were performed at baseline and 3, 6, 8, 12, 16, 20, and 24
weeks postinfection. All CT/PET measurements were made by the same
imaging analyst (M. T. Coleman).

Statistical analysis. Comparative analysis between latent and active
groups of animals was performed without the data from the so-called
percolator animal, as percolator animals might represent a different evo-
lution of disease. (However, results were the same when the percolator
animal was added to the latent group.) Statistical analysis was performed
by pairwise analysis among active and latent groups of animals by Stu-
dent’s t test for normally distributed data and Mann-Whitney test for
nonparametric data. Pairwise analysis for matched data was performed
using the Wilcoxon rank-sum test.

RESULTS
Macaques develop variable disease patterns by PET/CT after M.
tuberculosis infection. Serial scans from baseline to 6 months af-
ter infection were analyzed in the context of their infection out-
come. Of the 10 animals infected, 3 developed active disease and 6
developed classic latent infection, defined clinically as previously
described (5). One animal (9811) had no signs of active disease,
but M. tuberculosis was cultured from occasional GA samples 3
months postinfection, putting it into the percolator category that
has been seen in macaques (5) and humans (7, 8). Percolators
likely represent one part of the spectrum of latent infection (sub-
clinical disease) in which intermittent shedding of M. tuberculosis
occurs in asymptomatic individuals (5, 9). Of the 3 animals with
active disease, one animal (9611) developed miliary disease at 3
months postinfection and was euthanized.

In this cohort of 10 animals, the first lung lesions appeared at 3
weeks postinfection; these early granulomas were FDG avid and
appeared in the lower lobes at the site of inoculation. In ensuing
serial scans, granulomas could remain stable or increase or de-
crease in size and/or in FDG avidity over the course of infection.
Two patterns of lesion development occurred: a stable pattern in
which few new lesions developed after 3 weeks postinfection, or a
dissemination pattern in which new lesions appeared either adja-
cent to existing lesions or in other lung lobes (Fig. 1). Individual
granulomas were both dynamic (in terms of FDG avidity and size)
and independent over time within the same animal and even in the
same lung lobe (see Fig. S1 in the supplemental material).

Mineralization of granulomas, often associated in the litera-
ture with contained infection (10), was observed as early as 20
weeks postinfection and was observed in both active and latent
animals. By 6 months postinfection, 55% of granulomas (22 of 40)
from latent animals were mineralized. In contrast, 36% (9 of 25)

were mineralized in active animals, and this is likely an underes-
timate, as only 2 of the 3 active animals survived to 6 months.
There was no association between the presence of mineralization
and FDG avidity of granulomas, suggesting active metabolic
changes were occurring in the presence of mineralization.

Lastly, extrapulmonary dissemination to the liver and/or
spleen was observed only in the active TB animals. Two of 3 ani-
mals that would later develop active disease developed granulo-
mas in the liver and spleen 12 to 18 weeks after infection, and these
were confirmed at necropsy.

Trends in early lesion development are associated with latent
and active outcomes. To determine whether latent and active in-
fection outcomes differed in patterns of lesion evolution, lung
lesion location, number, size (separate from metabolic activity),
and FDG avidity (SUV) were compared at each time point. As
early as 3 weeks postinfection, a trend toward more granulomas
was observed in the animals that later developed active disease
compared to those that would later develop latent infection (Fig.
2) (a median of 12 for active versus a median of 7 for latent disease;
P � 0.06 by Mann-Whitney test). Between 3 and 6 weeks postin-
fection, animals with active disease developed significantly more
new lesions than latent animals (Fig. 2) (median of 8 new lesions
among active-disease animals versus a median of 0.5 new lesions
in latent animals; P � 0.05 by Mann-Whitney test). As a result, by
6 weeks postinfection, active-disease animals had significantly
more lung granulomas than latently infected animals, and this
remained true throughout the course of infection (Fig. 2) (P �
0.05 by Mann-Whitney test). In latently infected animals, the ma-
jority of lung lesions (89%) seen at 6 months after infection were
already present by 3 weeks. In contrast, only 52% of the total
lesions at 6 months in active-disease animals were present at 3
weeks postinfection, as animals with active disease continued to
develop more granulomas throughout the course of infection.

We then compared lesion-specific characteristics throughout
the course of infection. Increases in FDG avidity (measured by

FIG 1 Serial FDG PET/CT images showing a disseminating and stable pattern
of granuloma evolution during the course of early infection. (Top row) Pri-
mary lesions (blue arrows) were first established at 3 weeks postinfection, while
new lesions developed adjacent to existing lesions (red arrows) or in new sites
(yellow arrows). Animals that would later develop active TB developed more
lesions during the course of infection. (Bottom row) Primary lesions (blue
arrows) of latent animals usually remained stable, with few new granulomas
developing through the course of infection. wks PI, weeks postinfection.
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SUV) were observed between 3 and 6 weeks postinfection in 100%
of lesions from active-disease animals (Fig. 3A). In contrast, ani-
mals with latent infection had lesions that increased, decreased, or
maintained the same SUV between 3 and 6 weeks postinfection
(Fig. 3B). Overall, lesions from animals that later developed active
TB had a greater change in SUV between 3 and 6 weeks after
infection compared to lesions from animals that later developed
latent infection (Fig. 3C) (P � 0.001 by Mann-Whitney test). Sim-
ilar findings were observed when lesions were compared between
lesions at 3 and 24 weeks postinfection (Fig. 3D) (P � 0.001 by
Mann-Whitney test).

SUV takes into account the metabolic activity with respect to
lesional size. We then analyzed size alone as an indicator of le-
sional progression. At 3 weeks postinfection, there was no differ-
ence in granuloma size between active-disease and latent animals
(a median of 2.31 mm for active-disease animals versus a median
of 2.38 mm for latently infected ones; not significant by Mann-
Whitney test). Granulomas seen at 3 weeks postinfection in ac-
tive-disease animals increased in size more than those of latent
animals, so that by 6 weeks postinfection, lesions in active-TB
animals were significantly larger than those of latently infected
animals (median of 3.8 mm versus 2.5 mm, respectively; P � 0.05
by Mann-Whitney test) (see Fig. S2 in the supplemental material).
These data suggest that patterns of infection (i.e., the number of

lesions, change in SUV, or size) as early as 6 weeks after infection
are associated with overall infection outcome, which is defined
clinically.

MLNs had increased FDG avidity in animals with active TB.
The mediastinal lymph nodes (MLNs) are an important site for T
cell priming and trafficking of immune cells during infection, and
we have shown that they are an important bacterial reservoir dur-
ing drug treatment and reactivation (11, 12). In contrast to lung
granulomas (whose presence is easily detected by the contrast in
soft-tissue density compared to that of air-filled lung), detection
of MLNs is limited to those that are metabolically active. Three
animals (1 active disease and 2 latent) had slightly elevated meta-
bolic activity in the MLNs before infection. All animals had FDG
avid MLNs by 3 weeks postinfection. The number of FDG avid
mediastinal lymph nodes during the first 12 weeks postinfection
between active and latent animals was similar, with a median of 4
and 3.5 per monkey, respectively. However, SUV of these lymph
nodes was higher in active-disease animals at 6, 8, and 12 weeks
postinfection than in latently infected animals (Fig. 4A) (P � 0.05
by Mann-Whitney test). The change in SUV of MLNs between
active-disease and latent animals differed significantly between 3
and 6 weeks postinfection, increasing in active-TB animals while
decreasing in latent animals (Fig. 4B) (P � 0.05 by Mann-Whitney
test). While lung lesions were dynamic within the same animals

FIG 2 Granuloma number and metabolic activity during M. tuberculosis infection. (A) Active-disease animals (squares) had more lung granulomas (Lung Gran)
than latently infected animals (circles) as early as 3 weeks after infection and throughout infection. (B) Active-disease animals had more new lesions develop
between 3 and 6 weeks postinfection than did latently infected animals. Each dot represents the number of granulomas for a single animal. Bars indicate medians.
P � 0.06 (§) and P � 0.05 (*) by Mann-Whitney test.

FIG 3 Metabolic activity of lung lesions differs between active and latent animals during early infection. (A) Individual granulomas from active-disease animals
had a significant increase in metabolic activity (measured as standard uptake volume ratio [SUV]) between 3 and 6 weeks after infection. (B) Metabolic activity
among individual granulomas from latent animals between 3 and 6 weeks postinfection is variable. (C) The change in metabolic activity between latent and active
animals was compared. Active-disease animals had an overall increase in metabolic activity between 3 and 6 weeks. (D) Active-disease animals had an overall
increase in metabolic activity between 3 and 24 weeks postinfection. Each dot represents a granuloma. Latent groups are colored gray, and active-disease groups
are in black. The Wilcoxon rank-sum test was used to analyze data from panels A and B. For panels C and D, P � 0.001 (***) by Mann-Whitney test.
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during the course of infection, MLNs were less dynamic in FDG
avidity (data not shown).

DISCUSSION

In the cynomolgus macaque model, outbred animals develop ei-
ther active TB or latent infection despite inoculation with the same
dose and strain of M. tuberculosis. Taking advantage of this phe-
nomenon, here we sought to better understand granuloma evolu-
tion through the course of infection and identify the changes that
discriminate these outcomes of infection and when they occur.
Use of PET/CT in our model as a noninvasive method of tracking
M. tuberculosis infection pathology has led to major insights in our
understanding of the dynamic character and progression of infec-
tion. By simply necropsying animals and assessing overall pathol-
ogy and bacterial load, we were previously unable to detect the
expected differences in disease outcome by 6 weeks postinfection
(13). However, the increased sensitivity of PET/CT allows us to
detect subtle differences in lesion number as early as 3 weeks after
infection. Our data suggest that latent- and active-disease out-
comes can be determined as early as 3 weeks and more definitively
by 6 weeks after infection. These data are consistent with our pre-
vious observations that as early as 4 to 8 weeks postinfection,
greater production of mycobacterium-specific gamma interferon
(IFN-�) from blood and airways cells was observed among ma-
caques that would later develop active TB than for those that de-
veloped latent infection (7, 13), although there was substantial
overlap in the IFN-� production in the two groups of animals and
large numbers of subjects were required to demonstrate this pat-
tern. The current findings support our initial interpretation that
the increase in IFN-� reflects increased bacterial burden (defined
here as increased numbers of granulomas or sites of infection) at
these early time points. Animals that later developed active TB
continued to develop new lesions in the lungs and, in some cases,
in extrapulmonary sites by 12 weeks after infection.

We previously reported independent and dynamic changes in
size and metabolic activity in animals infected with medium-dose
M. tuberculosis that developed active tuberculosis (4). This phe-
nomenon was also seen during low-dose infection among both
active-disease and latent animals. We and others reported a loose
correlation between bacterial burden and SUV and size of individ-
ual granulomas in active TB and latently infected animals at nec-
ropsy (3, 14). This range of lesional dynamics within the same
host, and even lung lobe, likely accounts for the variety of granu-

loma types seen in our model and in humans (5, 15). The hetero-
geneity of granuloma types may contribute to the need for com-
plex treatment regimens requiring multiple drugs for months. We
speculate that the nonspecific uptake of FDG, which is taken up
and retained in metabolically active cells, reflects inflammation
that could be driven by increasing bacterial burden (especially
early during the course of infection) or immune cells actively kill-
ing bacilli within the lesion. Evidence for the latter possibility is
demonstrated by the fact that we can identify chromosomal equiv-
alents of M. tuberculosis from FDG-avid, sterile granulomas
during the course of infection (14). We also speculate that the
increased SUV among granulomas between 3 and 6 weeks postin-
fection seen in active animals (Fig. 1A) reflects increasing bacterial
burden for two reasons. First, we previously showed that the bac-
terial burden within individual granulomas peaks at about 4 weeks
postinfection, with little evidence of killing within the granulomas
(14). This same time point coincides with the initiation of the
systemic signs of an adaptive immune response (13). Here, our
data demonstrate that the numbers of initial granulomas and in-
creasing inflammation and size in the first 6 weeks postinfection
are associated with development of active TB. This strongly sup-
ports that early host-driven events are decisive in the outcome of
infection.

These findings have important implications in the protection
against active TB disease and vaccine development. Here, animals
with latent infection were able to control infection and prevent
dissemination very early (0 to 6 weeks postinfection) during the
course of infection compared to those with active TB. In ma-
caques, similar to humans, the first systemic signs of adaptive
responses are measured at approximately 4 weeks postinfection
(13). Thus, we speculate that differences in granuloma number as
early as 3 weeks postinfection are due to innate immune responses
modulating the establishment of initial infection. For example,
airway factors that can be protective against active TB include
alveolar macrophages, pattern recognition receptors, Toll-like re-
ceptors, surfactant proteins, and antimicrobial peptides (19–21).
More creative methods of augmenting these first responders in the
airway should be considered in the next generation of adjuvants
and vaccines, as some authors have suggested (16, 17).

Animals with active disease developed new lung lesions be-
tween 3 and 6 weeks after infection, whereas latently infected an-
imals did not. These data suggest that protection against develop-

FIG 4 Mediastinal lymph nodes between active-disease and latent animals differ in metabolic activity. (A) Metabolic activity (measured as SUV) among active
and latent groups during infection. The median SUV among lymph nodes at 6, 8, and 12 weeks postinfection was higher among active-disease animals than
latently infected animals. Each dot represents a granuloma. (B) Median change in SUV between 3 and 6 weeks postinfection was higher in active-disease animals
than latently infected animals. Each dot represents an animal. Latent groups are colored gray, and active-disease groups are in black. P � 0.06 (§), P � 0.05 (*),
and P � 0.001 (***) by Mann-Whitney test.

Early Events Predict Tuberculosis Outcome in NHPs

June 2014 Volume 82 Number 6 iai.asm.org 2403

http://iai.asm.org


ment of active TB also requires a rapid and effective adaptive
immune response to control bacterial dissemination. Under-
standing mechanisms that bridge innate and adaptive responses in
the airway and lung may be an important strategy to promote
bacterial killing and a brisk adaptive immune response in the
lungs to control further bacterial growth and spread.

In this model, active and latent outcomes are determined at 6
months after infection based on clinical, microbiologic, radio-
graphic, and inflammatory markers (5, 6). These criteria were
developed to reflect human definitions of outcome that are very
similar, although the outcome of infection generally occurs within
the first 2 years after infection (18). Data regarding lesional evo-
lution in humans does not exist, as the exact time of infection is
unknown and early events are silent. In active disease, more le-
sions were observed over time that contributed to the increased
bacterial burden seen in our model (Fig. 2). However, on a lesional
level, there were no specific features of size or metabolic activity
that could distinguish active or latent outcome at any given time
point. These data are consistent with the notion that a spectrum of
granuloma types is seen in both active TB and latent infection in
this model and in humans (5, 14, 15), and this likely contributes to
the complex regimen of treatment in both active-disease and la-
tent cases. Lesion progression and development of new lesions
over time, particularly early after infection, were more predictive
of outcome, suggesting that PET/CT could be used as a method of
assessing treatment outcome or risk of disease in humans. Clearly
the advent of modern imaging modalities has the potential to
improve our diagnostic and therapeutic abilities in the effort
against tuberculosis.
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