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Tools for monitoring response to tuberculosis (TB) treatment are time-consuming and resource intensive.
Noninvasive biomarkers have the potential to accelerate TB drug development, but to date, little progress has
been made in utilizing imaging technologies. Therefore, in this study, we used noninvasive imaging to monitor
response to TB treatment. BALB/c and C3HeB/FeJ mice were aerosol infected with Mycobacterium tuberculosis
and administered bactericidal (standard and highly active) or bacteriostatic TB drug regimens. Serial pul-
monary ['®F]-2-fluoro-deoxy-p-glucose (FDG) positron emission tomography (PET) was compared with stan-
dard microbiologic methods to monitor the response to treatment. ["*F]FDG-PET correctly identified the
bactericidal activity of the drug regimens. Imaging required fewer animals; was available in real time, as
opposed to having CFU counts 4 weeks later; and could also detect TB relapse in a time frame similar to that
of the standard method. Lesion-specific ['"*F]FDG-PET activity also broadly correlated with TB treatment in
C3HeB/FeJ mice that develop caseating lesions. These studies demonstrate the application of noninvasive
imaging to monitor TB treatment response. By reducing animal numbers, these biomarkers will allow cost-
effective studies of more expensive animal models of TB. Validated markers may also be useful as “point-of-

care” methods to monitor TB treatment in humans.

New and shorter drug regimens for tuberculosis (TB) are
needed to support global control efforts. However, tools for
monitoring TB drug treatment in preclinical studies and clin-
ical trials are time-consuming and resource intensive. For in-
stance, typical phase 3/4 trials entail treating hundreds of pa-
tients for at least 6 months and monitoring them for at least 1
year for relapse. Phase 2 studies that monitor patients for 8
weeks for sputum culture conversion are limited because spu-
tum bacterial burdens are not available in real time and do not
always correlate closely with overall pulmonary disease. This
situation is unlike clinical trials evaluating treatments against
human immunodeficiency virus infection, where quantitative
viral loads and CD4 counts provide well-validated biomarkers
of disease burden and progression of disease, respectively.
With the alarming rise of multidrug-resistant and extensively
drug-resistant Mycobacterium tuberculosis infections, which ac-
count for up to 20% and 2%, respectively, of the global TB
disease burden (6), there is significant interest in the use of
validated biomarkers to monitor TB treatment in patients.
Since clinical indicators can often be misleading, these biomar-
kers may allow more rapid identification of patients who re-
lapse or respond poorly to TB treatment. The TB Trials
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Consortium (TBTC) has expressed an urgent need for devel-
opment of validated biomarkers for monitoring and detecting
relapse during and after TB treatment in patients (29). Several
biomarker technologies for monitoring TB treatment are un-
der development, though none utilize imaging technologies
(24). A recent example of one such biomarker technology is a
real-time PCR assay that uses hydrolysis probes to target DNA
of the IS6110 insertion element and mRNA for antigen 85B.
This study has shown that mRNA real-time PCR assay done on
human sputa correlates well with standard mycobacterial cul-
tures in patients on TB treatment (18). Other approaches
measure markers of inflammation, such as erythrocyte sedi-
mentation rate, C-reactive protein, f2-microglobin, or procal-
citonin, to follow TB and other bacterial diseases in humans.
T-cell-based gamma interferon-release assays have also been
used to monitor TB treatment. However, findings can vary
among different populations, and it is also not clear how long
T-cell responses remain elevated in patients who are treated
for latent disease (16). Nonetheless, these assays may provide
useful biomarkers for evaluating TB treatment in resource-
limited settings.

Preclinical animal studies for the development of new TB
regimens are also costly and time-consuming. The current
standard methods for monitoring disease in animals require
significant resources for sacrificing animals at several different
time points, harvesting and processing their organs, and finally
obtaining CFU counts from the organ homogenates. Due to
the slow growth of M. tuberculosis, results are not available for
up to 4 weeks after the completion of the study. Moreover,
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since the entire organ is generally homogenized and different
animals are sacrificed at each time point, lesion-specific re-
sponses to TB treatment in the same animal can never be
assessed. Furthermore, due to the lack of caseation in response
to TB—the hallmark of human disease—in the standard
mouse model, it may be essential to perform cross-species
studies of larger animal models, such as guinea pigs, rabbits, or
nonhuman primates, which develop microenvironments that
may be more relevant to human TB (12). However, animal-to-
animal variability is a more serious concern with these more
expensive species, which are generally not available as inbred
strains. The need for noninvasive biomarkers to monitor dis-
ease and response to treatment in the same group of animals
will be essential to conducting cost-effective studies of these
larger and more expensive species.

Positron emission tomography (PET) imaging is extensively
used for noninvasive and real-time assessment of human dis-
ease. It relies on the detection of positrons emitted from ra-
diolabeled tracers that accumulate at the site of the disease (or
the biological process being measured). PET imaging is gen-
erally combined with computed tomography (CT) imaging,
which provides anatomic information about the lesion or organ
being evaluated. Both of these imaging methods (CT and PET)
provide a comprehensive three-dimensional assessment of the
whole organ and therefore generally correlate closely with
overall disease. Several different PET tracers are currently in
use, and one such tracer, ['®F]-2-fluoro-deoxy-p-glucose
([**F]FDG), is used extensively for the diagnosis and staging of
malignant disease. It is important to note that FDG is not a
cancer-specific agent. FDG is transported into cells by glucose
transporters and phosphorylated by hexokinase enzyme to
['®F]-2'-FDG-6 phosphate but is not metabolized. Conse-
quently, the degree of cellular FDG uptake is related to the
cellular metabolic rate and the number of glucose transporters
(4, 23, 32). Increased FDG uptake in inflammatory and tumor
cells is at least in part due to an increased number of glucose
transporters (17, 19). In addition, under inflammatory condi-
tions, the affinity of glucose transporters for deoxyglucose is
increased by various cytokines and growth factors, a phenom-
enon not observed in tumors (20, 32). Moreover, FDG is
known to accumulate in inflammatory cells such as neutrophils
and activated macrophages at the site of inflammation (1, 17).
These properties make FDG a good radiotracer for monitoring
granulomatous inflammatory lesions. It is therefore not sur-
prising that CT (31) and ['®*F]FDG-PET have been shown to
be useful in imaging TB lesions in humans (11, 13, 22). In this
study, we have utilized noninvasive imaging with ['*F]JFDG-
PET and high-resolution CT to serially monitor TB disease
and response to treatment in real time in live animals infected
with M. tuberculosis. Imaging-based outcomes were compared
to standard outcome measures of lung CFU counts and cul-
ture-positive relapse after treatment completion.

(This study was presented in part as a poster presentation at
the Keystone Symposia on Tuberculosis: Biology, Pathology
and Treatment [B3], Keystone, CO, January 2009 [9]; as an
oral presentation at the 2008 World Molecular Imaging Con-
gress, Nice, France, September 2008 [10]; and as an oral pre-
sentation at the 48th Interscience Conference on Antimicro-
bial Agents and Chemotherapy [ICAAC]/46th Infectious
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Diseases Society of America [IDSA] Annual Meeting, Wash-
ington, DC, October 2008 [7].)

MATERIALS AND METHODS

Aerosol infection. Five- to six-week-old female BALB/c (Charles River) or
C3HeB/FelJ (Jackson Laboratory) mice were aerosol infected with M. tubercu-
losis H37Rv, using the Middlebrook inhalation exposure system (Glas-Col) with
a log-phase broth culture. Three mice were sacrificed 1 day and 2 weeks
(BALBY/c) or 6 weeks (C3HeB/Fel) after infection to determine the number of
bacilli implanted in the lungs and the bacillary burden at the start of treatment,
respectively.

Drug treatment. Treatment began 2 weeks (BALB/c) or 6 weeks (C3HeB/Fel)
after infection. Three different TB regimens were administered: the first-line TB
regimen (RHZ) consisting of rifampin (rifampicin) (R) (10 mg/kg/day), isoniazid
(H) (25 mg/kg/day) and pyrazinamide (Z) (150 mg/kg/day); a more bactericidal
TB regimen (PMZ) (27) consisting of rifapentine (P) (10 mg/kg/day), moxifloxa-
cin (M) (100 mg/kg/day), and Z (150 mg/kg/day); and a bacteriostatic regimen
consisting of monotherapy with ethambutol (E) (100 mg/kg/day). As described
previously, drugs were administered by gavage 5 days per week (28). Each
regimen was administered for 12 weeks. Z was administered only during the first
8 weeks for the RHZ and PMZ regimens. Three mice were left untreated and
served as controls.

Biocontainment and anesthesia. All live M. fuberculosis-infected animals were
imaged within a sealed biocontainment device developed by our laboratory. An
unbreakable and transparent 250-ml polycarbonate centrifuge bottle (Nalgene)
with a gasket screw cap was used. Two quarter-inch-diameter holes were drilled
into the cap and fit with quarter-inch barbed bulkhead fittings (Nalgene) for
passage of gases. Two 0.22-pm, 60-mm disc Vacu-Guard (Whatman) filters were
used in series at both the inlet and the outlet to contain the bacteria within the
device (see the supplemental material). A standard small-animal anesthesia
machine was used to deliver a mixture of isoflurane (Henry Schein) and oxygen
during transport and imaging. Animals were anesthetized and sealed inside the
biocontainment device in the biosafety level 3 facility. The external surface of the
biocontainment device was decontaminated and transported to the imaging suite.
During prolonged anesthesia (>20 min), an infrared thermometer and a heat
lamp were used to measure and maintain ambient air temperature inside the
biocontainment device.

['"8FIFDG-PET/CT imaging. The night before each imaging time point, mice
were fasted for 12 h. Water was provided ad libitum. On the day of imaging, each
mouse was weighed, injected with 250 pCi of ["®F]FDG via the tail vein and
imaged 45 min postinjection, using the eXplore Vista (General Electric) or
Mosaic HP (Philips) small-animal PET imagers with 15-min static acquisition. A
CT scan was also performed at the same time using the X-Spect (Gamma
Medica) or NanoSPECT/CT (Bioscan) in vivo animal imagers. PET images were
reconstructed and coregistered with CT images.

Monitoring response to TB treatment in BALB/c mice. Three mice per regi-
men were sacrificed to determine CFU at 2, 4, 8, and 12 weeks after initiation of
TB treatment. The entire lungs were homogenized in phosphate-buffered saline
and plated onto Middlebrook 7H11 selective plates (Becton Dickinson). All
plates were incubated at 37°C for 4 weeks before the colonies were counted. A
separate group of identically treated mice were used for imaging studies. For
each TB regimen, the same sets of live mice (3 per group) were serially imaged
at 2, 4, 8, and 12 weeks after initiation of TB treatment (corresponding to the
microbiologic evaluation by CFU). Three uninfected animals were used as con-
trols and imaged at the same time points. Three infected but untreated mice were
also used as controls and imaged at 2 weeks after initiation of TB treatment.
However, these mice were sacrificed after the imaging time point at 2 weeks (i.e.,
4 weeks after infection), as they became moribund due to the infection. Since
BALB/c mice develop diffuse lung disease after aerosol infection, for each
animal and time point, five spherical (2.5-mm-diameter) regions of interest
(ROIs) were randomly traced in the lung images, making sure not to overlap the
surrounding PET-active bone marrow or heart, creating 15 ROIs per group for
each time point. To estimate the baseline PET background activity, similar ROIs
were also traced in the abdomen of each animal, away from the PET-active bones
or kidneys. The standard uptake values (SUV) were computed by normalizing
the ROI activity for each mouse to the injected dose and animal weight, using
Amide version 0.9.1 (http://amide.sourceforge.net). To additionally correct for
the specific activity of ['*F]JFDG at the time of image acquisition, the lung SUVs
were also normalized by dividing them by the background SUV (ROI drawn in
the abdomen) for each animal. For each treatment group, the mean lung
['8F]JFDG-PET activity at each time point was calculated by averaging the nor-
malized lung SUV of all the ROIs in that group. Mean lung ["*F]FDG-PET
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activity at each time point was also calculated similarly for the three uninfected
animals used as controls and imaged at the same time points. Mean ['*F]FDG-
PET activities for all treatment groups are shown as a ratio of the mean lung
activity in the uninfected controls such that the mean lung activity of the unin-
fected controls is 1.

Relapse. Three mice from each of the groups that received 12 weeks of RHZ
or PMZ were followed using serial imaging at 18, 24, 28, and 34 weeks (i.e., 6, 12,
16, and 22 weeks after completion of TB treatment) to evaluate relapse. Three
uninfected animals were used as controls and imaged at the same time points.
Image analysis was done as described above. After completion of the imaging at
the last time point, mice were sacrificed to determine culture-positive relapse.

Monitoring lesion-specific ['*F]FDG-PET activity. C3HeB/Fel mice display
lung pathology with well-defined granulomas and central caseous necrosis in
response to M. tuberculosis infection. This is due to the lack of expression of Ipr!
within the super-susceptibility to tuberculosis 1 (sst1) locus in the C3HeB/Fel
strain (21). Five- to six-week-old female C3HeB/FeJ mice received a low-dose
aerosol infection (target dose of ~2 log,, CFU implanted in lungs). We serially
imaged the same group of live animals by using ['"*FJFDG-PET/CT at 4, 6, and
8 weeks after infection. Uninfected mice were used as controls. Three mice were
used for each group. For each animal and time point, one ROI was drawn
manually around the TB granuloma, making sure not to overlap the surrounding
PET-active bone marrow or heart. Image analysis was performed as described
for the BALB/c mice above. A separate group of identically infected mice were
sacrificed to determine the number of CFU in the lung and to perform gross
pathological examination and lung histopathology at 1 day (implantation) and 6
and 8 weeks after infection.

Monitoring response to TB treatment in C3HeB/FeJ mice. Since BALB/c mice
develop diffuse lung disease with poorly defined lesions, distinct from what is
seen in human TB, we wanted to test whether noninvasive imaging would be able
to serially monitor disease in a model (C3HeB/FelJ strain) that developed well-
defined granulomas. Three mice per regimen were sacrificed to determine lung
CFU counts at 2, 4, and 8 weeks of treatment as described above for the BALB/c
mice. Individual mice in the imaging cohort were serially imaged at 2, 4, and 8
weeks after initiation of TB treatment (corresponding to the microbiologic eval-
uation by CFU counts). For each animal, five ROIs were traced over five TB
granulomas selected randomly from the CT images, making sure not to overlap
the surrounding PET-active bone marrow or heart, creating 15 ROIs per group
for each time point. Since lung disease in the C3HeB/Fel model is not diffuse but
localized to well-defined granulomas, in order to precisely follow the evolution of
each TB granuloma across several time points, an ROI corresponding to the
same granuloma had to be traced exactly in the same position in each image set
acquired for the same animal. This requires correction for any differences in
animal orientation and shape of the lung at the different time points measured
in the study. To minimize the time required to trace these ROIs manually and
also to minimize any observer bias, we used an automated image registration
method to align each CT and its corresponding PET to a common reference (30).
After registration, a one-to-one correspondence was achieved among all CT and
PET images from the same animal that were acquired at different time points in
the study, making it possible to trace an ROI in one CT image and immediately
extract the PET activity at corresponding locations across all time points. SUV
corrections for injected dose, animal weight, and background activity were ap-
plied as described previously for the BALB/c mice.

All protocols were approved by the Johns Hopkins Biosafety, Radiation
Safety, and Animal Care and Use Committees.

Statistical analysis. Statistical comparison between groups was performed
using the one-tail-distribution, two-sample, unequal-variance ¢ test in Excel 2007
(Microsoft). Data are presented on a linear scale as mean =+ standard error for
the mean PET activities and on a logarithmic scale as mean *+ standard deviation
for CFU counts.

RESULTS

["®F]FDG-PET activity correlates with activity of TB treat-
ment in BALB/c mice. Treatment was started 2 weeks after
aerosol infection implanting 3.54 * 0.03 log,, CFU of M.
tuberculosis H37Rv in the lungs. The bacterial burden in the
lungs at the initiation of treatment was 6.34 = 0.02 log,, CFU.
Figure 1 shows the mean [**F]FDG-PET activity in the lungs of
mice as a function of time (panel A) and the mean lung CFU
for the corresponding time points (panel B). As shown previ-
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FIG. 1. ["SFIFDG-PET activity correlates with the activity of TB
treatment in BALB/c mice. Two weeks after aerosol infection, BALB/c
mice were allocated to treatment groups to receive one of three TB
drug regimens: the bactericidal first-line TB regimen (RHZ), a more
bactericidal regimen (PMZ), and a bacteriostatic regimen of E alone.
Three mice in each treatment group were allocated to the imaging
cohort, and the same mice were serially imaged using ['*F]FDG-PET/
CT during treatment. (A) Mean lung ['*F]JFDG-PET activity normal-
ized to the uninfected controls is shown. ["*FIFDG-PET could distin-
guish between regimens of differing activity as early as 2 weeks after
initiation of treatment. PET activities for the mice treated with the
bactericidal regimens (PMZ and RHZ) were significantly lower than
that for mice treated with the bacteriostatic regimen (E alone) at all
time points measured during TB treatment (P < 0.033). Mean lung
PET activity for the mice treated with the more bactericidal regimen,
PMZ, was also significantly lower than that for RHZ starting at 8
weeks after initiation of TB treatment (P < 0.026). (B) Three addi-
tional mice were sacrificed at each time point to determine the lung
CFU counts, which are shown for each corresponding time point.
(C) Serial imaging also detected the development of relapse.

ously, PMZ was more bactericidal than was RHZ (27), while E
alone was essentially bacteriostatic. ['*F]JFDG-PET could dis-
tinguish between regimens of differing activity as early as 2
weeks after initiation of treatment. PET activities for the mice
treated with the bactericidal regimens (PMZ and RHZ) were
significantly lower than that for mice treated with the bacteri-
ostatic regimen (E alone) at all time points measured during
TB treatment (P < 0.033). Mean lung PET activity for the mice
treated with the more bactericidal regimen, PMZ, was also
significantly lower than that for RHZ starting at 8§ weeks after
initiation of TB treatment (P < 0.026).

Detection of relapse. One of three mice from the PMZ
group and all three mice from the RHZ group relapsed, as
measured by lung CFU counts, 22 weeks after cessation of
treatment. Serial imaging could detect the development of
relapse (Fig. 1C). Mean lung PET activity in mice treated with
RHZ exceeded the baseline values in uninfected control mice
as early as 16 weeks after cessation of treatment (P = 0.002).
Though a trend with increasing lung PET activity was observed
for the mice treated with PMZ, these data were not statistically
different from the baseline values in uninfected control mice
until 22 weeks after cessation of treatment (P = 0.015).

["®F]FDG activity localizes to TB granulomas in C3HeB/FeJ
mice. We utilized the C3HeB/FeJ mouse strain that develops
well-defined caseous lung granulomas in response to M. tuber-
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FIG. 2. Mycobacterium tuberculosis-infected C3HeB/Fe] mice de-
velop well-defined caseous granulomas. Unlike the BALB/c mouse
model, C3HeB/FeJ mice display lung pathology with well-defined
granulomas and central caseous necrosis after low-dose aerosol infec-
tion. (A) Formalin-fixed lungs 8 weeks after infection show caseous
lesions. Yellow arrows point to the three large granulomas also visu-
alized by ["*F]JFDG-PET imaging in the same animal at 6 weeks after
infection (Fig. 3). (B) Lung histopathology from the same mice 8
weeks after infection, demonstrating well-defined granulomas with
central necrosis and abundant acid-fast bacilli (AFB) (inset), is also
shown.

culosis infection (21). Lung CFU counts 1 day after low-dose
aerosol infection and 6 weeks after infection were 1.88 = 0.05
and 7.95 = 0.40 log,, CFU, respectively. As shown in Fig. 2, 8
weeks after infection, several caseous lesions were observed on
gross pathological examination (panel A), while lung histopa-
thology demonstrated well-defined granulomas with central
necrosis and abundant acid-fast bacilli (panel B). ['*F]FDG
activity localized to the lesions (Fig. 3), and mean lung
['®FIFDG-PET activity in infected animals was significantly
higher than that in uninfected controls at all time points mea-
sured (P < 0.031).

["®F]FDG-PET activity correlates with activity of TB treat-
ment in C3HeB/FeJ mice. Six weeks after aerosol infection
with 1.88 = 0.03 log,, CFU, the bacterial burden was 7.76 =
0.07 log,, CFU in the lungs. Figure 4 shows the mean
[**F]FDG-PET lesion-specific activity as a function of time
(panel A) and the mean lung CFU for the corresponding time
points (panel B). Mean lung ['*F]FDG-PET activity was again
useful in distinguishing the differential activities of the TB
regimens. PET activities for the mice treated with both bacte-
ricidal regimens (PMZ and RHZ) were significantly lower than
that for the mice treated with the bacteriostatic regimen (E
alone) starting at 4 weeks after initiation of TB treatment (P <
0.001). Mean lung PET activity for the mice treated with the
more bactericidal regimen, PMZ, was also significantly lower
than that for RHZ at 8 weeks after initiation of TB treatment
(P = 0.045).
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(A) Transverse, coronal, and sagittal sections (CT, PET, and fused
PET+CT) from a Mycobacterium tuberculosis H37Rv-infected C3HeB/
FeJ mouse 6 weeks after a low-dose aerosol infection. ["*F][FDG-PET
activity localized to TB granulomas (arrows). Mean lung ['*F]FDG-
PET activity in infected animals was significantly higher than that in
the uninfected controls at 4, 6, and 8 weeks after infection (P < 0.031).
(B) Three-dimensional tomography of the fused PET+CT (top) and
isosurface representation of coregistered PET and CT images (bot-
tom). The TB lesions are shown in pink (PET), while the bony rib cage
is shown in yellow (CT). As expected, the heart (H) takes up FDG and
is visible in all sections.

DISCUSSION

Our overall goal was to evaluate whether noninvasive imag-
ing technologies could be used for serial monitoring of TB
disease and response to treatment in real time in live animals
infected with M. tuberculosis. Since the same animals would be
assessed at the different time points, imaging would utilize
significantly fewer animals. In fact, in the current study evalu-
ating four time points during TB treatment (Fig. 1), serial
imaging required only one-third of the number of animals
required by the standard microbiologic method. The reduction
in animals required for studies with additional time points
would be even more significant. Noninvasive assessment is
especially useful for relapse studies in which the time interval
between development of relapse and cessation of TB treat-
ment is often unknown and large numbers of animals must be
sacrificed at multiple time points in order to detect differences.
We have shown that serial imaging allows assessment at mul-
tiple time points and can detect the development of relapse in
a time frame similar to that of the standard method. This
provides a method to significantly reduce the number of ani-
mals required for a relapse study. In this study, imaging cor-
rectly identified relapse in the group treated with RHZ, as
early as 16 weeks after cessation of treatment. Though a trend
with increasing lung PET activity was observed for the mice
treated with PMZ, these data were not statistically different
from the baseline values in uninfected control mice until 22
weeks after cessation of treatment. This is consistent with only
one of the three mice relapsing in the later group. A larger
group size for each treatment arm may have allowed more
statistical power to better differentiate between the two regi-
mens. Another advantage of imaging was that results were
available in real time (on the same day), whereas there was a
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FIG. 4. ['FIJFDG-PET activity correlates with activity of TB treat-
ment in C3HeB/Fel mice. Six weeks after low-dose aerosol infection,
C3HeB/Fel mice were allocated to treatment groups to receive one of
three TB drug regimens: the bactericidal first-line TB regimen (RHZ),
a more bactericidal regimen (PMZ), and a bacteriostatic regimen of E
alone. The same live animals were serially imaged using ['*F|FDG-
PET/CT after initiation of TB treatment. (A) Mean lung ['"*F]FDG-
PET activity was useful in distinguishing the differential activities of
the TB regimens. PET activities for the mice treated with both the
bactericidal regimens (PMZ and RHZ) were significantly lower than
that for those treated with the bacteriostatic regimen (E alone) starting
at 4 weeks after initiation of TB treatment (P < 0.001). Mean lung
PET activity for the mice treated with the more bactericidal regimen,
PMZ, was also significantly lower than that for those treated with RHZ
at 8 weeks after initiation of TB treatment (P = 0.045). (B) Three
additional mice were sacrificed at each time point to determine the
lung CFU counts, which are shown for each corresponding time point.
Note that the differences between the bactericidal activities of RHZ
and PMZ were more modest in this model.

4-week delay due to the slow growth of M. tuberculosis with the
standard microbiologic method. This may enable more-rapid
development of appropriate study protocols for studies depen-
dent on the results of the prior study.

In this study, [**F]FDG-PET could differentiate the bacte-
ricidal (RHZ and PMZ) and bacteriostatic (E alone) regimens
in a time frame similar to that of the standard method (2
weeks). Although a trend was observed even at 2 weeks after
initiation of TB treatment, differences between the two bacte-
ricidal regimens, PMZ and RHZ, were significantly different
starting only at 8 weeks after initiation of TB treatments. This
may represent the limited statistical power of this study, due to
the low number of animals used for each group. It could also
represent an inherent limitation of ['®F]JFDG-PET imaging.
More-specific PET tracers, such as those measuring lymphoid-
associated inflammation (25) or radiopharmaceutical or biolu-
minescence-based imaging biomarkers that directly label bac-
teria (5, 8, 14), are anticipated to provide better real-time
information about bacterial burdens. However, unlike PET
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tracers, methods of directly labeling bacteria are currently lim-
ited to in vitro systems or experimentally infected animals.
Mean ['*F]JFDG-PET activity for the more bactericidal PMZ
regimen was paradoxically higher than that for the RHZ group
at 4 weeks after initiation of TB treatment in both the mouse
models studied. This may be mediated by the systemic inflam-
matory cytokine tumor necrosis factor, known to increase
shortly after initiation of TB treatment (3) and cause signifi-
cant tissue damage (26). More-rapid bacterial killing in the
PMZ group and release of microbial constituents that stimu-
late tumor necrosis factor (2) may have led to this paradoxical
increase. Additional studies will need to be performed to ex-
plain this observation more conclusively.

We also wanted to study whether ["*F]FDG-PET activity in
caseous TB granulomas would correlate with response to TB
treatment. To simulate these lesions, we utilized the C3HeB/
FeJ mouse strain that develops caseous necrosis in response to
M. tuberculosis infection (21). We demonstrated that
['®F]JFDG-PET activity localized to these lesions. Mean lung
['®F]FDG-PET activity was again useful in distinguishing the
differential activities of the TB regimens, though differences
between the bactericidal regimens, PMZ and RHZ, were less
clear. This is possibly due to the more modest differences
between the bactericidal activities of PMZ and RHZ in this
model, even as assessed by CFU counts. Interestingly, although
on average lesion-specific activity decreased with bactericidal
treatment, different TB lesions (granulomas) in the same ani-
mal responded differently, with some lesions becoming worse
before getting better. These findings are consistent with clinical
data (15).

In summary, these studies demonstrate the application of
imaging technologies as an efficient and cost-effective means of
monitoring treatment response in more expensive animal mod-
els, which develop microenvironments more relevant to human
TB. Such imaging biomarkers may therefore accelerate TB
drug development. Real-time observational capabilities of
novel imaging biomarkers may also significantly augment the
study of mycobacterial pathogenesis. Moreover, since radio-
pharmaceutical imaging is extensively used in humans, vali-
dated imaging biomarkers could also be used for “point-of-
care” monitoring in TB patients in the future.
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