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Arrest of the multiplication of Mycobacterium tuberculosis caused by expression of adaptive immunity in
mouse lung was accompanied by a 10- to 20-fold decrease in levels of mRNAs encoding the secreted Ag85
complex and 38-kDa lipoprotein. esat-6 mRNA levels were high throughout infection. The data imply that
multiplying and nonreplicating tubercle bacilli have different antigen compositions.

The seminal finding that live Mycobacterium tuberculosis
elicit protective immunity more effectively than dead bacilli (6,
24) prompted extensive investigation of proteins that tubercle
bacilli secrete as potential targets of protective immune re-
sponses. Among the best-characterized secreted proteins are
the low-molecular-weight ESAT-6 protein (33), the antigen 85
complex (Ag85A, Ag85B, and Ag85C) (42), encoded by the
fbpA, fbpB, and fbpC genes, and a 38-kDa glycolipoprotein
(17), the product of pstS1. These antigens induce strong im-
mune responses to infection with M. tuberculosis or Mycobac-
terium bovis, and they elicit protective immunity in animal
models of tuberculosis (for a review, see references 1, 4, and
16). Consequently, experimental vaccines based on ESAT-6
and/or the Ag85 complex have been scheduled for clinical trials
(18, 23), ESAT-6 has been proposed for immunodiagnosis of
tuberculosis (3, 10, 13, 20, 26), and the 38-kDa protein is
included in all serodiagnostic assays for active tuberculosis
developed to date. To extend the usefulness of these proteins
as new drug targets, the structures of two members of the Ag85
complex (2, 29) and the 38-kDa antigen (40) have been solved
by X-ray crystallography and nuclear magnetic resonance has
been used to obtain the structure of the cotranscribed ESAT-
6/CFP-10 complex (28). Next we need to understand the pro-
duction of these target antigens at various stages of human
infection.

Classic biochemical studies (30) and recent gene manipula-
tion experiments (21) showed that M. tuberculosis changes its
metabolic state during infection by utilizing alternative meta-
bolic pathways. We have shown (31) that adaptation of M.
tuberculosis to the expression of adaptive immunity in the lungs
of infected mice involves changes in the pathogen’s transcrip-
tion program characteristic of the state of nonreplicating per-
sistence (41). In the present work, we characterize a correla-
tion between the growth state of M. tuberculosis and the
production of major secreted antigens by measuring levels of
M. tuberculosis transcripts encoding the Ag85 complex,
ESAT-6, and the 38-kDa lipoprotein during M. tuberculosis

infection of the mouse lung. The data support the view that
antigen composition differs between multiplying and nonrep-
licating tubercle bacilli.

Infection of C57BL/6 mice and isogenic, gamma interferon
knockout (IFN-��/�) mice with �2 � 102 CFU of M. tuber-
culosis strain H37Rv (Trudeau Mycobacterial Collection strain
no. 102) cultivated to mid-log-growth phase in Proskauer and
Beck medium containing 0.01% Tween 80 was carried out as
previously described (14, 31). At selected times, lungs were
harvested from four mice per time point. The number of CFU
was determined by spreading 10-fold serial dilutions of homog-
enates from half of the lung (attached to the left bronchus) on
enriched Middlebrook 7H11 agar plates followed by counting
bacterial colonies after 3 weeks of incubation at 37°C. As
previously shown (19, 22, 31), the lungs of wild-type (WT) mice
infected with 100 CFU of M. tuberculosis H37Rv sustained
exponential growth of M. tuberculosis for about 18 days. Fur-
ther bacterial multiplication was prevented by expression of
adaptive, Th1-mediated host immunity leading to chronic in-
fection (Fig. 1, open triangles). In contrast, bacterial cell num-
bers steadily increased in the lungs of IFN-� �/� mice until the
mice died at days 35 to 40 postinfection (Fig. 1, open circles).

The half of the lung attached to the right bronchus was used
to measure selected M. tuberculosis mRNAs and 16S rRNA.
The methods used for lung RNA extraction and quantification
of bacterial mRNA by real-time reverse transcription-PCR
(RT-PCR) have previously been published (31). Briefly, total
RNA was extracted from lung tissue by using a guanidinium
thiocyanate-based buffer and rapid mechanical lysis of M. tu-
berculosis. RT and quantification of M. tuberculosis mRNAs by
real-time PCR were carried out by using gene-specific primers
and molecular beacons. The nucleotide sequences of the oli-
gonucleotide primers used for enumeration of fbpA, fbpC,
pstS1, and esat-6 transcripts are listed in Table 1. The numbers
of copies per lung of four M. tuberculosis mRNAs are pre-
sented in Fig. 2 (fpbA and fbpC in panel A; pstS1 and esat-6 in
panel B). M. tuberculosis 16S rRNA was used as a normaliza-
tion factor to enumerate bacterial transcripts per cell because
16S rRNA levels correlate well with the number of CFU during
the course of lung infection, regardless of growth stage (y �
1.0457x � 3.1093; R2 � 0.954) (31).

* Corresponding author. Mailing address: Public Health Research
Institute, Rm. W250G, 225 Warren St., Newark, NJ 07103. Phone:
(973) 854-3210. Fax: (973) 854-3101. E-mail: gennaro@phri.org.

2420



mRNA levels for fbpA and fbpC normalized to 16S rRNA
levels were stable during exponential growth of M. tuberculosis
in the lung of WT mice (Fig. 3A and B). Coincident with
immunity-induced growth arrest, transcript levels began to de-
crease on day 21 of lung infection. By day 30, the decrease
relative to day 15 was about 10-fold for fbpA and fbpC mRNAs
(Fig. 3A and B). The level of expression of fbpC was about
fourfold lower than that of fbpA at corresponding times of
infection (Fig. 3, compare panels A and B), while the levels of
fbpB (31) were similar or slightly higher than those of fbpA.
These mRNAs remained elevated throughout the course of
lung infection in IFN-� �/� mice.

pstS1 mRNA levels normalized to 16S rRNA levels showed
only small fluctuations during exponential growth for WT mice
(a 3.5-fold increase on day 15 relative to day 10) and essentially
no change (only a 1.5-fold increase) for IFN-� �/� mice (Fig.
3C). pstS1 mRNA levels decreased in growth-arrested cells
from WT mouse lungs (22-fold decrease on day 30 relative to

FIG. 1. Course of M. tuberculosis infection in mouse lung. Wild-
type and IFN-� �/� (KO) mice on a C57BL/6 background were in-
fected with 2 � 102 CFU of M. tuberculosis H37Rv via the respiratory
route. At the times indicated, half of the lung (attached to the left
bronchus) was used to determine the number of CFU. The data points
represent the mean � standard deviation (in log units) CFU per lung
obtained from four animals per time point per mouse strain during the
first 50 days of infection of WT mice and for the entire course of
infection of IFN-� �/� mice. FIG. 2. Determination of M. tuberculosis mRNAs of fbpA, fbpC,

pstS1, and esat-6 in the lungs of WT and IFN-� �/� mice over the
course of infection by real-time RT-PCR. The number of copies of
selected M. tuberculosis mRNAs per lung was determined by molecu-
lar-beacon real-time RT-PCR. The means � standard deviations (in
log units) of the results for four mice per time point per mouse strain
for M. tuberculosis genes fbpA and fbpC (A) and pstS1 and esat-6
(B) are shown. WT mice, filled symbols; IFN� �/� mice, open symbols.

TABLE 1. Sequences of RT primers, PCR primers, and molecular beacons for measurement of bacterial gene expression

Genea RT primerb PCR primerb Molecular beaconc

fbpA (Rv3804c) GTTGCAGGTCGGGCTTCATAG GGATCTGGGTGGCAACAACCT FAM-CGCCGGTCGAGGGCTTC
TCGAACACGCCGTTGTGG GTGCGGACCCGGCG-DABCYL

fbpC (Rv0129c) TGAGCACATGCTGGATATCGGC CGCACCAACCAGACCTTC FAMGCGAGGGTGGACGCAA
CAGCTGCTCGTTCCAGTAGGG CGGGGTGCCTCGC-DABCYL

esat-6 (Rv3875) GCGAACATCCCAGTGACGTT CGGAGGCGTACCAGGGTGTC FAM-GCCTCCACGCCACGGCT
GACCGGCTTCGCTGATCGT ACCGAGCTGGGAGGC-DABCYL

pstS1 (Rv0934) TCCGGGCAGGTTGTAGTTGAC GCTGCTCTACCCGCTGTTC FAM-CGGACGTTCTGGTGCCGG
GCCATATCACCTTCCGACAGA GATCGCCGTCCG-DABCYL

a Genes fbpA, fbpB, and fbpC have high homology in their nucleotide sequences (12). However, there is sufficient nucleotide sequence diversity among the three genes
to allow the design of gene-specific RT primers, PCR primers, and molecular beacons to obtain gene-specific measurements. The nucleotide sequences of primers and
probes specific for the M. tuberculosis 16S rRNA and fbpB have been published (31).

b RT and PCR primers were designed by using the software Oligo 6.6 (Molecular Biology Insights, Cascade, Colo.) and were purchased from Integrated DNA
Technologies (Coralville, Iowa). Molecular beacons, which are hairpin-shaped oligonucleotide probes that become fluorescent upon hybridization to their target
sequence (36–38), were synthesized at Biosearch Technologies (Novato, Calif.). Hairpin stability of molecular beacons was estimated by using the DNA-folding program
available at http://www.bioinfo.rpi.edu/�zukerm.

c FAM; an iodoacetamide derivative of fluorescein (5-iodoactamidofluorescein); dabcyl, 4-(4�-dimethylaminophenylazo)-benzoic acid) succinimidyl ester.
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day 15) (Fig. 3C), while no decrease was observed at corre-
sponding time points of lung infection in IFN-� �/� mice (Fig.
3C). The absence of a decrease in fbp and pstS1 transcripts in
the lungs of IFN-� �/� mice provided a strong correlation
between down-regulation of these genes and immunity-in-
duced growth arrest.

The numbers of copies of esat-6 mRNA (Fig. 3D) changed
only slightly throughout infection. In the lungs of WT mice, the
esat-6 transcript levels increased only 2-fold on day 15 relative
to day 10 and decreased only 3.5-fold on day 30 relative to day
15. No decrease was observed for IFN-� �/� mice. During
exponential growth of M. tuberculosis in the lungs of WT mice,
the numbers of copies of esat-6 mRNA were �10-fold higher
than those of fbpA mRNA and 60-fold higher than those of
fbpC and pstS1 mRNAs. The difference was greater during
chronic infection of WT mouse lungs. On day 30, esat-6 mRNA
was �60-fold more abundant than fbpA mRNA, �210-fold
more abundant than fbpC mRNA, and �360-fold more abun-
dant than pstS1 mRNA.

The data above show that the arrest of M. tuberculosis
growth caused by expression of adaptive immunity in mouse
lung is accompanied by a drastic decrease in the levels of
mRNAs encoding the Ag85 complex and the 38-kDa antigen.
esat-6 mRNA levels varied less, but they were 60- to 360-fold
higher than levels of the other transcripts in nonreplicating
bacilli. We infer that multiplying and nonreplicating tubercle
bacilli have different antigen compositions.

The M. tuberculosis transcription patterns defined above are
consistent with profiles of immune reactivity to the corre-
sponding antigens during human infection. For example, ex-
pression of pstS1 at a low level and only by multiplying bacilli
fits well with the antibody response to the 38-kDa lipoprotein
in human infection. This antigen reacts with sera from most
patients having multibacillary or advanced pulmonary tuber-
culosis, but it is poorly recognized in sera from patients having
low bacillary counts in sputum and from asymptomatic infected
persons (for examples, see references 7, 9, 15, 32, and 43).
Likewise, antibodies against the Ag85 complex are associated
with smear-positive pulmonary disease and correlate with the
extent of disease as determined by radiography, while they are
absent in patients with past tuberculosis infections, asymptom-
atic infections, or recent exposures to M. tuberculosis (5, 11, 34,
35). The high-level transcription of esat-6 in both multiplying
and nonreplicating tubercle bacilli also fits well with the notion
that ESAT-6 induces cellular immune responses in both active
disease and in latent infection (3, 13, 27, 39). Interestingly, an
inverse correlation is found between bacillary load and ESAT-
6-specific immune responses (25, 32). These observations sug-
gest that ESAT-6 may be a dominant inducer of immune re-
sponses only during latent infection or primary infection (when
bacillary burden is low), because most other antigens, such as
the Ag85 complex or the 38-kDa antigen, are either absent, as
in nonreplicating bacteria, or present at low levels when mul-
tiplying bacteria are in low numbers. It has previously been
shown that, in the mouse lung, levels of the acr transcript,
which encodes 	-crystallin (also called 14-kDa or 16-kDa an-
tigen), are increased (
10-fold) in nonreplicating tubercle ba-
cilli relative to that in multiplying bacilli (31). Accordingly, the
serologic reactivity of this antigen has a stronger association

FIG. 3. Numbers of copies of M. tuberculosis mRNAs in the lungs of
WT and IFN-� �/� (KO) mice. At each time point and for each mouse
strain, normalized mRNA values were obtained by dividing the mean
number of mRNA copies per lung (Fig. 2) by the corresponding mean
number of 16S RNA copies per lung. Ratios of mRNA to 16S rRNA are
shown. Each panel presents results obtained with one gene, as indicated.
Normalization of mRNA against CFU gave similar results (data not
shown). The difference between day 10 and day 18 of infection for all four
genes was not statistically significant (P 
 0.05 by t test). The significance
of the slight increase observed on day 50 for all genes needs to be explored
by extending the analyses performed in this study to later stages of infec-
tion.
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with latent infection or recent exposure to M. tuberculosis than
with active disease (8, 32).

In conclusion, the change-of-growth state of M. tuberculosis
caused by expression of adaptive immunity in the mouse lung
includes changes in bacterial antigen composition. Ongoing
studies are working to correlate IFN-� production, CFU enu-
meration, and bacterial transcript levels at later times of infec-
tion. Establishing the existence of antigen changes during the
course of M. tuberculosis infection has profound implications
for antigen selection in vaccine and immunodiagnostics devel-
opment and for selection of new drug targets.
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