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Detection of latent Mycobacterium tuberculosis is a challenge in the diagnosis of asymptomatic,

subclinical tuberculosis. We report the development of an immunofluorescence technique to

visualize and enumerate M. tuberculosis in latently infected rabbit lungs where no acid-fast–

stained organisms were seen and no cultivable bacilli were obtained by the agar-plating method.

INTRODUCTION

Latent Mycobacterium tuberculosis (Mtb) infection (LTBI)
ensues in more than 90 % of immunocompetent indivi-
duals exposed to Mtb-containing aerosols (WHO, 2012).
During LTBI, the infecting bacilli presumably exist in a slow
or non-replicating state (O’Garra et al., 2013). However, the
bacilli in LTBI cases can reactivate to cause symptomatic
disease in individuals who become immunocompromised
(Chao & Rubin, 2010; Gengenbacher & Kaufmann, 2012).
Our understanding of the host response that drives the bacilli
into latency is limited, and even less is known about the
physiology of Mtb that survive in host tissues in a latent state.

To better understand LTBI, we developed a rabbit model of
pulmonary tuberculosis (TB) in which infection with the
virulent Mtb CDC1551 strain gave rise to transient bacil-
lary growth in the lungs, followed by a gradual decrease in
bacteria from about 106 c.f.u. at 4 weeks to no observable
viable bacteria (i.e. 0 c.f.u.) and clearance of granulomas
between 12 and 20 weeks post-infection, depending on the
initial infectious inoculum (Flynn et al., 2008; Subbian
et al., 2012). Importantly, in latently infected rabbits,
immunosuppressive treatment, initiated after the complete
clearance of bacteria from the lungs, resulted in resumed
bacillary growth and reappearance of disease pathology.
Thus, in the presence of an optimal host immune response,
Mtb CDC1551 gradually transitioned from an actively repli-
cating to non-replicating state, as determined by culture in
liquid or solid medium. Since the enumeration of viable
bacilli in infected tissue homogenates by the agar-plating
method corresponds only to the number of actively
replicating bacilli, this assay has limited sensitivity in

detecting the total number of viable bacilli. In addition,
latent bacilli are refractory to conventional microscopic
detection by acid-fast staining such as the Ziehl–Neelsen
(ZN) method (Seiler et al., 2003; Zhang, 2004).

METHODS

Rabbit infection and lung bacterial load determination. Mtb

CDC1551 were grown in Middlebrook 7H9 medium (Difco) and used

to infect New Zealand white rabbits through a ‘snout-only aerosol-

exposure system’, as described previously (Subbian et al., 2011b).

Four rabbits were killed at 3 h post-exposure (T50); the lungs were

homogenized in sterile saline and serial dilutions were placed on

Middlebrook 7H11 agar plates (Difco) and incubated for 4–5 weeks

to determine the initial bacillary load by the agar plating method, as

described previously (Subbian et al., 2011a). At 8, 16, 20, 24 and 26 weeks

post-infection, lung homogenates were prepared from groups of three or

four rabbits and used for further analysis. To reactivate LTBI, groups of

rabbits (n53–4 rabbits per time point) were immunosuppressed with

triamcinolone (Kenalog) treatment at 16 mg kg21, administered through

intramuscular injection for 4 weeks, starting at 20 weeks post-

infection, when the animals had fully cleared the infection from the

lungs (0 c.f.u. observed on agar plates) (Flynn et al., 2008; Subbian et al.,

2012). Lungs from triamcinolone-treated and -untreated rabbits were

harvested for the agar plating method and histological and immunohis-

tological staining. The limit of detection for the assay was ,10 bacilli. All

rabbit procedures were approved by the Institutional Animal Care and

Use Committee of Rutgers Biomedical and Health Sciences.

Histology. Formalin-fixed lung sections from Mtb CDC1551-

infected rabbits (n53–4 rabbits per time point) were paraffin

embedded, cut into 5 mm sections and stained using the ZN method

to visualize bacilli, as described previously (Kaplan et al., 2003;

Subbian et al., 2011a). At least three stained lung sections from each

rabbit per time point were analysed by a trained pathologist. Images

were photographed using a Nikon Microphot-FX microscope.

Immunofluorescence staining of Mtb in rabbit lung tissue

sections. Paraffin-embedded rabbit lung tissue infected with Mtb

Abbreviations: AFB, acid-fast bacilli; LTBI, latent Mycobacterium
tuberculosis infection; Mtb, Mycobacterium tuberculosis; TB, tuberculosis;
ZN, Ziehl–Neelsen.
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CDC1551 was cut into 30–300 mm sections. Sections were dehydrated

in a stepwise manner by passing them through an alcohol gradient in

the following order: 30, 50, 60, 70, 90, 95, 100 and 100 %, and two

passes in xylene for 5 min each. The sections were then rehydrated in

the reverse order, followed by 15 min incubation in sterile 16 PBS.

To improve the permeability of the antibodies, tissue sections were

incubated in 0.1 % Triton X-100 for 1 min. The sections were boiled

in citrate buffer (pH 6.0) for 20 min to retrieve Mtb antigens. Unlike

standard 5 mm sections used for histological staining, thicker tissue

sections allowed us to examine extensive X, Y and Z optical planes by

confocal microscopy. This particular feature allowed us to identify

infected host cell types and their location, as well as numbers of

bacilli. Non-specific blocking was performed by incubating the

sections in blocking solution containing 0.5 M EDTA, 1 % fish

gelatin, 1 % IgG-free BSA and 1 % each of horse and human serum.

Tissue sections were incubated overnight at 4 uC with a primary anti-

Mtb–biotin antibody (GeneTex). This antibody was produced using

Mtb purified protein derivative (a mixture of soluble proteins

secreted by Mtb) and reacts with the Mtb antigens lipoarabinoman-

nan, ESAT-6, CFP-10, 38 kDa protein, antigen 16 (HspX), Hsp65

(GroEL) and MoeX, as demonstrated by Western blot analysis

(GeneTex).

Following incubation with the primary antibody, slides were washed

three times with sterile 16 PBS and incubated with streptavidin

conjugated to FITC (Invitrogen) at 1 : 1000 dilution for 3 h at room

temperature, and again washed three times in sterile 16 PBS.

Sections were mounted on glass slides using ProLong Gold Antifade

reagent with 49,6-diamidino-2-phenylindole (Invitrogen) and exam-

ined using an A1 confocal microscope equipped with a spectrum

detection system (Nikon). Antibody specificity was confirmed by

replacing the primary antibody with a non-specific myeloma antigen

of the same isotype or with a non-immune serum. To assure objective

quantification of Mtb in the stained sections, analysis was performed

in a blinded manner. At least two stained lung sections from each

rabbit per time point (n53–4 rabbits per time point) were stained

and analysed.

RESULTS

The agar plating method revealed a mean of 3.29 log10 Mtb
CDC1551 implanted in the rabbit lungs at T50. At 8 and
16 weeks post-infection, the bacillary loads were 4.2 and
1.9 log10 c.f.u., respectively. No bacilli (i.e. 0 c.f.u.) were
observed in the rabbit lungs at 20 weeks post-infection (Fig.
1). Importantly, immunosuppression of LTBI rabbits by
triamcinolone treatment for 4 weeks, starting at 20 weeks
post-infection, facilitated resumed bacillary growth to about
3.4 and 4.4 log10 c.f.u. at 24 and 26 weeks post-infection,
respectively. At these time points, no viable bacilli were
observed in the untreated, Mtb CDC1551-infected (control)
rabbit lungs (Fig. 1). Thus, during LTBI, the infecting bacilli
remained viable in a non-replicating state that was unable to
form colonies on agar plates. Consistent with these results,
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Fig. 1. Bacillary load in the lungs of Mtb CDC1551-infected
rabbits. The values plotted are means and SD of the number of c.f.u.
in the lungs of Mtb CDC1551-infected rabbits (n53–4 rabbits per
time point). No viable bacilli (i.e. 0 c.f.u.) were observed in the
lungs of infected (control) rabbits at 20, 24 and 26 weeks (wk)
post-infection. Starting at 20 weeks post-infection, a group of
infected rabbits (n53–4 rabbits per time point) were treated with
triamcinolone for 4 weeks. The number of viable bacilli was
determined in these rabbits at the end of treatment (i.e. 24 weeks
post-infection) or 2 weeks after the end of treatment (i.e.
26 weeks post-infection).

(a) (b)

Fig. 2. Acid-fast staining and visualization of Mtb CDC1551 in infected rabbit lungs. Representative image of Mtb-infected lung
sections at 4 weeks (a) or 16 weeks (b) post-infection after staining by the ZN method and light microscopy analysis. The
arrows indicate AFB; no AFB were detected in (b). Magnification, �40 (a, b); �100 (inset in a).
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acid-fast bacilli (AFB) were seen in ZN-stained lung sections
at 4 weeks post-infection (Fig. 2a). However, no AFB were
seen in lung sections after 16 weeks post-infection (Fig. 2b).

To determine whether non-cultivable and ZN stain-negative

bacilli could be detected in the lungs, immunofluorescent

anti-Mtb antibody-stained sections were analysed in three

dimensions for bacilli size, length and fluorescent signature

evaluation using NIS-Elements software (Nikon) (Fig. 3).

First, we found that the three-dimensional size, length and

medium fluorescence intensity of a full-body bacillus were

124 967±29 754 pixels (arbitrary units) for 145 bacilli

analysed. Using this approach, we scanned the Mtb

CDC1551-infected lung sections from three rabbits per time

point and recorded the pixel values from 32 fields in multiple
X-Y-Z sections (Fig. 3, Table 1). Small clumps of bacilli were
seen in the lung sections at 8 weeks post-infection. Thereafter,
individual bacilli were seen scattered in association with single
or small clusters of host cell nuclei. Immunosuppression
resulted in the reappearance of small clumps of bacilli (Fig. 3).
Consistent with enumeration by the agar plating method,
more bacteria were observed by immunofluorescent staining
confocal microscopy at 8 weeks compared with 16 and
20 weeks, and in lung sections from immunosuppressed
rabbits. Importantly, means of about 2.35, 2.27 and 2.2 log10

bacilli were found in the lungs of infected rabbits at 20, 24
and 26 weeks post-infection, respectively, when 0 c.f.u. was
observed on agar plates (Table 1).

(a) (b) (c)

(e) (f)

(d)

Fig. 3. Confocal imaging of Mtb CDC1551 in infected rabbit lungs after immunofluorescent staining. (a–d) Representative
images of rabbit lung sections at 8, 16, 20 and 24 weeks post-infection, respectively. (e, f) Representative images of lung
sections from infected rabbits treated with triamcinolone at 24 (e) and 2 (f) weeks post-infection. Arrows indicate bacilli (green)
in cells (nuclei stained blue).

Table 1. Quantification of fluorescence intensity and calibration of corresponding number of bacilli in Mtb CDC1551 infected rabbit
lung sections

Time post-infection Pixels (arbitrary units) Number of bacteria*

Mean SEM Mean SD

8 weeks 797 324.16 108 333.23 6.38 0.87

16 weeks 574 820.59 51 193.07 4.59 0.41

20 weeks 191 863.28 24 384.57 1.54 0.19

24 weeks: no treatment 158 243.41 13 699.53 1.27 0.11

26 weeks: no treatment 143 522.97 15 280.84 1.15 0.12

24 weeks: immunosuppressed 3 609 472.74 737 211.79 18.44 28.53

26 weeks: immunosuppressed 1 490 651.68 166 659.92 11.92 20.85

*Calculated based on 32 X-Y-Z fields using 1.24±0.46 cm tissue sections.
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DISCUSSION

In this study, we determined, using immunofluorescence-
based confocal microscopy imaging, the presence of intact
Mtb that did not form colonies in the conventional agar-
plating method and were not AFB-positive by ZN staining
in the lungs of latently infected rabbits. The current
sputum microscopy for TB diagnosis involves AFB staining
(Garg et al., 2003; Norbis et al., 2013). However, several
studies have reported the presence of dormant bacilli in
human lung sections that were negative by ZN staining
(Seiler et al., 2003). One factor that contributes to the
inability of Mtb to form colonies on agar plates and to stain
effectively by the ZN method is the perturbation of cell wall
components, occurring as an adaptive response by the
bacilli to survive in the hostile intracellular granulomatous
environment (Wayne & Sohaskey, 2001; Zhang, 2004;
Woolhiser et al., 2007). However, the exact mechanisms
and the nature of the molecules impacted during
reorganization of the Mtb cell wall during LTBI in vivo
are not clearly understood (Ehlers, 2009; Mishra et al.,
2011; Russell, 2013).

Visualization and enumeration of dormant Mtb in clinical
samples can improve the sensitivity of TB diagnosis by
microscopy and have implications for determining treat-
ment outcomes (sputum AFB conversion). Identification
of dormant Mtb in infected tissues may also help overcome
our current inability to study the metabolism of this
population of bacilli, which are difficult to detect with
current methods. Finally, enumerating Mtb during LTBI
would provide a potential tool for evaluating the ability of
drug and vaccine candidates to eliminate such bacillary
populations (Kim et al., 2013).
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