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Earlier we demonstrated that the adenylyl cyclase (AC) encoded by the MSMEG_4279
gene plays a key role in the resuscitation and growth of dormant Mycobacterium
smegmatis and that overexpression of this gene leads to an increase in intracellular
CAMP concentration and prevents the transition of M. smegmatis from active growth to
dormancy in an extended stationary phase accompanied by medium acidification. We
surmised that the homologous Rv2272 gene of M. tuberculosis (Mtb), the main cAMP
producer, plays similar physiological roles by supporting, under these conditions, the
active state and reactivation of dormant bacteria. To test this hypothesis, we established
Mtb strain overexpressing Rv2212 and compared its in vitro and in vivo growth
characteristics with a control strain. In vitro, the AC-overexpressing pMindRv2212 strain
demonstrated faster growth in a liquid medium, prolonged capacity to form CFUs and
a significant delay or even prevention of transition toward dormancy. AC-overexpressing
cells exhibited easier recovery from dormancy. In vivo, AC-overexpressing bacteria
demonstrated significantly higher growth rates (virulence) in the lungs and spleens
of infected mice compared to the control strain, and, unlike the latter, killed mice in
the TB-resistant strain before month 8 of infection. Even in the absence of selecting
hygromycin B, all pMindRv2272 CFUs retained the Rv2272 insert during in vivo growth,
strongly suggesting that AC overexpression is beneficial for bacteria. Taken together,
our results indicate that cAMP supports the maintenance of Mtb cells vitality under
unfavorable conditions in vitro and their virulence in vivo.

Keywords: Mycobacterium tuberculosis, cAMP, adenylyl cyclase, Rv2212, dormant mycobacteria

INTRODUCTION

Asymptomatic forms of tuberculosis (TB), when infected individuals carry the pathogen in
dormant state without notable symptoms of the disease for a very long time, are termed latent
tuberculosis infection (LTBI). In some of these latently infected individuals, infection eventually
transits to the active state, becomes contagious and seriously affects epidemiological situation
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(Barry et al, 2009). Conditions under which dormant
Mpycobacterium  tuberculosis  (Mtb) transits to active
multiplication (resuscitates), as well as the mechanisms of
transition, are poorly understood. Thus, currently the problem of
LTBI development and reactivation is one of the most important
in infectious medicine.

In studies aimed at understanding the molecular mechanisms
underlying Mtb dormancy and resuscitation, a significant
amount of information has been obtained using experimental
models in vitro which mimic the development of mycobacterial
dormancy and resuscitation (Shleeva et al., 2002, 2011). For
instance, the role of the adenylyl cyclase (AC) encoded by the
MSMEG_4279 gene has been elucidated through a model of
dormant Mycobacterium smegmatis resuscitation. It was shown
that the M. smegmatis strain carrying the knock-out mutation in
the MSMEG_4279 gene was unable to resuscitate and required
the addition of exogenous cAMP for reactivation. Moreover,
M. smegmatis and M. tuberculosis transformation with the
plasmid containing the MSMEG_4279 gene expressed under
the Tet-promoter, which led to its hyper-expression and an
increase in intracellular cAMP concentration, prevented the
transition of the two species of bacteria to dormancy under
stressful conditions (Shleeva et al., 2013). This suggests that in
the presence of high amounts of cAMP provided by the AC the
bacteria retained their active state. However, direct evidence for
the “anti-dormant” role of the M. tuberculosis gene(s) encoding
AC for Mtb remained lacking.

The homolog of MSMEG_4279 in Mtb is the Rv2212 gene,
which is the major producer of cAMP among 16 biochemically
active AC-encoding genes present in the genome (Abdel Motaal
et al.,, 2006; Knapp and McDonough, 2014). We assumed that
under stressful conditions the Rv2212 gene, like MSMEG_4279,
contributes to the retention of the active metabolic state of
Mtb, as well as the reactivation of dormant bacteria due to
an increase in cAMP production. To test this hypothesis, we
established a novel Mtb strain carrying the plasmid containing
Rv2212 expressed under the Tet-promoter and compared the
in vitro and in vivo phenotypes of this Rv2212-overexpressing
strain with the control strain carrying the “empty” plasmid. Our
data clearly demonstrate that the Rv2212-dependent AC activity,
which results in elevated cAMP production, supports Mtb vitality
under unfavorable conditions in a culture medium and inside the
host, as well as its resuscitation from dormant state.

MATERIALS AND METHODS

Bacterial Strains, Growth Media, and

Culture Conditions

The wild type Mtb strain H37Rv and its derivatives carrying
plasmids pMindRv2212 (see below) and pMind (empty plasmid
control) were used. Hygromycin B was added to the growth
media at the 50 jLg/ml concentration for the plasmid-containing
strains. All strains were routinely maintained on the standard
Sauton’s medium: 0.5g KH,POy4, 1.4g MgSO4-7H,0, 4g L-
asparagine, 60 ml glycerol; 0.05g ferric ammonium citrate; 2 g
sodium citrate, 0.1 ml 1% ZnSO4-7H,O, adjusted to 1 L with

H,0 at pH = 7.0 (adjusted with 1 M NaOH) and supplemented
with ADC (albumen, glucose and NaCl) with 0.05% Tween-80
(Connell, 1994).

Mycobacterial populations consisting of bacilli that lost
capacity to grow on solid media (“non-culturability,” NC) due to
gradual acidification of medium during stationary growth phase
were developed as described earlier (Shleeva et al., 2011). Briefly,
bacteria were kept for 12-15 days in 50 ml of Sauton’s medium
supplemented with 0.05% Tween-80 and ADC in 150 ml conical
flasks on an orbital shaker (200 rpm). These bacterial cultures
served for inoculation of modified Sauton’s medium aliquots
for establishing NC bacteria. The modified Sauton’s medium in
which Tween-80 is replaced with 0.025% tyloxapol and ADC—
with 0.5% bovine albumin, Cohn-Analog (Sigma) compared to
the standard Sauton’s medium is hereafter termed “glycerol”
medium. Another formulation of the modified Sauton’s medium
containing 4% glucose and 0.2% glycerol is hereafter termed
“glucose”’medium. Initial pH values in both modified media were
6.2, contrary to pH = 7.0 in the standard Sauton’s medium. An
1-ml inoculum of initial culture was added to 200 ml of modified
Sauton’s medium put into a 500-ml conical flasks (3-5 flasks
per experiment), and incubated with shaking at 37°C for 40-60
days. The pH value of medium was measured periodically, and,
when reached 6.0-6.2, the cultures were transferred to capped
plastic 50-ml tubes, and 2-(N-Morpholino)ethanesulfonic acid
(MES) was added at the final 20 mM concentration to prevent
further acidification during long-term storage. Incubation was
continued under static conditions (i.e., without agitation) at the
room temperature for up to 200 days post-inoculation, in the
dark. Periodically, samples were collected from different tubes for
estimation of CFU counts and the results provided by the most
probable numbers (MPN) assay (see below for details) to monitor
appearance of NC bacteria. In some experiments, tetracycline
hydrochloride was added to medium at the final concentration
20 ng per ml.

Resuscitation of NC bacteria was performed in reactivation
medium—the 1:1 mixture of the standard Sauton’s medium
and the Nutrient Broth E (NBE) medium (HiMedia, India)
supplemented with 0.025% tyloxapol (Sigma) in two formats.
For the MPN format, 15 ml plastic test tubes (Corning, USA)
containing 2 ml reactivation medium were used. Serially diluted
NC bacteria were incubated in triplicates at 37°C for 30-50
days without shaking, and the number of tubes with visible
bacterial growth was scored. The MPN values were determined
using standard statistical tables (de Man, 1975). For the batch
format, dormant Mtb bacteria prepared as described above were
washed 10 times with PBS, re-suspended in 200 ml of reactivation
medium at the initial ODggo = 0.2-0.3, put into a 500-ml flask
and incubated at 37°C for 45 days with 100-120 rpm agitation.
OD values were periodically in cultural samples.

Estimation of Bacterial Capacity to Form
CFU

Bacterial suspensions were serially diluted in fresh Sauton’s
medium, and triplicate 100-]1 samples from each dilution were
dropped on Sauton agar. Plates were incubated at 37°C for
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21 day, and the numbers of colony forming units (CFU) were
counted. The limit of detection was 10 CFU/ml.

DNA Manipulations
The pMindRv2212 overexpression plasmid was constructed as
follows:

Amplification of genomic M.
performed using the primers:

Up2212 5CTGGATCCTCGCTCACGGCGTCCCACCCTA3Z,

Low2212 5’CAACTAGTTCGCGACGGCGACGGAGGGGG
ATAG3'.

The restriction sites are underlined. Amplification products
were firstly cloned into pGEM-T vector (Promega), and
then sub-cloned into pMind vector using BamHI and Spel
restriction enzymes (Thermo Scientific). Escherichia coli and
M. tuberculosis were transformed with the pMindRv2212 vector
by electroporation. After growing in selective medium, colonies
were checked using PCR, plasmids from colonies were extracted
and checked by sequencing.

tuberculosis DNA was

Ex vivo CFU Analysis
Mycobacterial colonies (N = 50) obtained from lung
homogenates were analyzed by PCR in order to confirm
the presence of the Rv2212 gene insertion. Amplification was
performed using p-Mind specific primers:

Up-pMind 5CCGGGCCCCGAGCAACACG3’

Low-pMind 5’ CCGCAGGCTCGCGTAGGAATCATC3'

All resulting products were about 1,300 bp length, which
corresponds to the gene insertion size.

cAMP Determination

Mtb samples from different strains and time points of storage
were centrifuged at 13,000 g for 5min. The pellets were treated
with 1 ml of 95°C-heated 0.1N HCI for 10 min and immediately
frozen. Samples were disrupted in the bead homogenizer
FastPrep-24 (MP Biomedicals, The Netherlands), bacterial
debris was removed by centrifugation, and cAMP levels were
measured in lysates by ELISA, using rabbit anti-cAMP antibodies
(1:5,000) and cAMP-peroxidase conjugate (HRP, 1: 20,000)
(GenScript, USA). The results were registered in triplicates at
450 nm using Zenyth 3100 microplate reader (Anthos Labtec
Instruments, Austria). At least three independent measurements
were performed.

Mice and Infection
Mice of inbred strains I/StSnEgYCit (I/St) and C57BL/6]Cit
(B6) were bred and maintained under conventional, non-SPF
conditions at the Animal Facilities of the Central Institute
for Tuberculosis (CIT, Moscow, Russia) in accordance with
guidelines from the Russian Ministry of Health # 755, and
under the NIH Office of Laboratory Animal Welfare (OLAW)
Assurance #A5502-11. Water and food were provided ad libitum.
Female mice of 8-12 week of age at the beginning of experiments
were used. All experimental procedures were approved by the
CIT animal care committee.

Mice were infected intravenously with 5 x 10° bacteria
per mouse in 0.5 ml of sterile PBS. Neither tetracycline nor

hygromycin B were administrated in these experiments. To assess
mycobacterial loads in spleens and lungs, 0.2 ml of serial 10-
fold dilutions of individual whole-organ homogenates obtained
from 4 mice per group were plated onto Dubos agar, and
colonies were counted after 21-23 days of incubation at 37°C.
Two independent experiments were performed and their results
combined. Mortality was checked weekly.

Statistics

OD, CFU, cAMP concentrations, Resuscitation Index (RI) were
expressed as mean = SEM. MPN were calculated used (95%)
confidence limits. Significance of the differences for the in vivo
experiments were estimated by ANOVA, P < 0.05 was considered
significant.

RESULTS

Growth of Mtb Strains and Resuscitation of

Dormant Bacteria In vitro

To study the influence of AC on Mtb growth and resuscitation, we
constructed the strain (pMindRv2212) overexpressing AC under
the control of the tetracycline (Tet) promoter and demonstrated
that this strain displayed a statistically significant increase in the
intracellular cAMP levels in exponential phase compared to the
empty-vector control strain pMind. The uninduced strain also
displayed an elevated level of cAMP expression comparable to
that of the induced strain (Figure S1). Apparently, in the absence
of the inducer, the background expression level under the Tet
promoter in Mtb is sufficient, which is in full agreement with
our finding in M. smegmatis for the overexpressed MSMEG_4279
(a homolog of Rv2212) (Shleeva et al., 2013). Thereafter, we
compared the growth of these strains in liquid Sauton medium.
As shown in Figure 1, the bacteria overexpressing AC grew faster

pMindRv22712

ODGOO

0,14

0,01 4

growth time, days

FIGURE 1 | Growth of M. tuberculosis strains in the standard Sauton’s
medium. Recombinant M. tuberculosis strains containing pMindRv2212 vector
(closed circles) or empty pMind vector (open circles) were cultured in the
standard Sauton’s medium with agitation (200 rpm) at 37°C. Initial size of
inoculum was 102 cells per ml. This experiment was repeated three times with
similar results. One representative experiment is shown.
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than the control strain. Remarkably, a strong difference in growth
rates between the two strains was readily revealed if the starting
inoculum contained a low number of bacteria (102 per ml),
i.e., provided more unfavorable conditions for growth initiation
than larger starting populations did (Mukamolova et al., 2002).
Indeed, when a 3-log larger inoculum initiated the growth of the
two strains, the speed of multiplication appeared to be almost
identical (Figure S2). We also noticed that, in contrast to pMind
bacteria, pMindRv2212 quickly recovered from an old inoculum
and from dried samples (data not shown).

Next, we studied whether the overexpression of the Rv2212
gene influences the transition of actively growing bacteria to
dormancy. We explored an earlier developed model which makes
it possible to accumulate dormant ovoid cells under gradual
self-acidification of the growth medium during prolonged
stationary phase. These dormant bacteria, which display a
distinct morphology and are characterized by “non-culturability”
(NC), i.e., a transient loss of capacity to grow on solid media,
can be developed in modified Sauton medium, containing
either glycerol (Shleeva et al., 2011) or glucose as the major
source of carbon. As shown in Figure 2A, in the glycerol-based
medium the development of NC pMindRv2212 bacteria was
significantly postponed compared to NC pMind bacteria. After
their development in the glucose-based medium, pMindRv2212
bacteria provided identical CFU counts on the solid medium
throughout the observation period, whereas the control strain
gradually acquired the NC phenotype, although much slower
than in the glycerol-based medium (Figure 2B). The difference
between two media could be due to faster acidification of
the glycerol-based medium during pMind strain growth and
the lack of acidification of the glucose-based medium during
pMindRv2212 strain growth (data not shown).

At least some NC bacteria are able to resuscitate upon
cultivation in an appropriate liquid medium. During culture
storage, the numbers of bacteria temporarily existing in the

NC state but retaining capacity for resuscitation were assessed
using the most probable number (MPN) assay based upon serial
dilutions of bacteria incubated in a liquid medium (de Man, 1975;
Shleeva et al., 2002). By plotting the MPN assay results against
the numbers of CFU (the so-called Resuscitation Index, RI) we
evaluated the development of the NC state in the two bacterial
strains, as well as the contribution of those dormant bacteria,
which retained their resuscitation capacity during long storage,
to the total size of bacterial population. As shown in Figure 3A,
RI varied between 10° (1, corresponds to fully active, multiplying
bacteria) and 108 (almost the entire population consists of NC
bacteria). Remarkably, pMind bacteria achieved the highest RI
value by day 100 of storage, whereas in pMindRv2212 population
this condition was achieved not earlier than day 180, indicating
significance of the Rv2212 expression for the maintenance of
active growth under long storage. In addition, as shown for the
wild type bacteria, there was a clear reverse correlation between
the RI value and the content of cAMP in bacterial cells, i.e.,
gradual increase of bacterial population reaching the NC state
during prolonged storage (Figure 3B).

The resuscitation of NC bacteria developed in the glycerol-
based medium (see Figure2A, 180 days) was also assessed
using the batch format (Shleeva et al., 2013), when identical
numbers of bacteria are inoculated in flasks containing
resuscitation medium. In this experiment, pMindRv2212 bacteria
exhibited significantly shorter lag phase and quicker resuscitation
compared to pMind strain (Figure 4).

Infection Caused by Two Mycobacterial

Strains in Mice

In previous experimentation, we and others characterized the
phenotypes controlled by the MSMEG_4279 and Rv2212 genes
in vitro and in cultured infected macrophages. In order to study
the effect of Rv2212 overexpression on the bona fide tuberculosis

A Glycerol medium

pMindRv2212

CFU, cells per ml

10 +——TF—T7——1 T ——
20 0 20 40 60 80 100 120
Time, days

T T 1
140 160 180 200

FIGURE 2 | Overexpression of Rv2212 influences transition of M. tuberculosis to dormant “non-culturable” state. Recombinant Mtb strains containing pMindRv2212
vector (closed circles) or empty pMind vector (open circles) were grown in “glycerol” (A) or “glucose” (B) modified Sauton’s media with agitation (200 rpm) at 37°C.
For details see Materials and Methods. Minimum threshold for CFU determination was 10 cells per ml. SEM for the CFU determination was <20%. Experiments
shown in (A) and in (B) were repeated two times and four times, respectively. Typical results are shown.

B Glucose medium

pMindRv2272

10°

10° 4

CFU, cells per ml

10°
10° 4
10% 4

10

T T T " T " T " T T T T T T T T 1
20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Time, days
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pMind

>

pMindRv2212

Resuscitation index (RI), MPN/CFU
3
wl

10 T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200

storage time, days

average from three independent experiments.

FIGURE 3 | Development of “non-culturability” (A) and cAMP content (B) of M. tuberculosis during dormant bacteria storage. (A) M. tuberculosis pMindRv2212
(closed circles) or pMind (open circles) developed in the “glycerol” modified Sauton’s medium were kept statically at the room temperature. Periodically, samples were
collected for RI estimation. (B) The wild type mycobacteria were grown and kept under identical conditions for monitoring cAMP intracellular concentrations and RI
estimation. Sampling days are indicated. Experiment shown in (A) was repeated twice, one representative experiment is shown. Results shown in (B) display the

w

Resuscitation index (RI), MPN/CFU

0 10 20 30 40 50 60
cAMP, pmol/mg wet weight of cells

pMind_Rv2212 i
pMind

ODGOD

0,6 4

0,4 4

0,2 1

0,0 4

T T T T T
0 2 4 6

T T T T T T T /T T T 1
8 10 12 14 16 18 35 40 45 50

Reactivation time, days

FIGURE 4 | Overexpression of Rv2212 resullts in faster resuscitation of
dormant M. tuberculosis. Non-culturable Mtb pMindRv2212 (closed circles) or
pMind (open circles) obtained from the “glycerol” Sauton’s modified medium
after 180-d incubation (see the legend to Figure 2A) were washed, inoculated
in the reactivation medium and incubated with agitation (100 rpm) at 37°C. For
the details see Materials and Methods. The experiment was repeated two
times with similar results.

infection characteristics, mice of two inbred strains, genetically
TB-resistant B6 and hyper-susceptible I/St (Nikonenko et al.,
2000), were infected with pMindRv2212 and pMind bacteria.
First, we obtained an indirect evidence for the AC expression
contribution to mycobacterial vitality. Normally, in the absence
of specific selection, mycobacteria eject any inserted plasmid
if the coding gene does not provide any selection advantage.
To assess the stability of the plasmid presence, at week 3 of
infection lung homogenates were plated onto Dubo agar and
the presence of the plasmid has been evaluated in the resulting

bacterial colonies in the PCR format. Even in the absence
of selecting hygromycin all colonies analyzed contained the
plasmid with an intact Rv2212 insert, strongly suggesting that
the AC overexpression is beneficial for the bacteria multiplying
in the host. This conclusion was further supported by the
observation that the pMindRv2212 colonies displayed markedly
increased sizes compared to pMind colonies developed under
identical conditions (Figure 5A). At the early stage of infection
(3 weeks), the lung CFU counts in genetically susceptible I/St
mice were significantly lower for the pMind strain compared to
the pMindRv2212, whereas genetically more resistant B6 mice
controlled the infection caused by the two mycobacterial strains
equally well (Figure 5B). However, at month 6 post-challenge,
even B6 mice were unable to control the growth of pMindRv2212
strain in lungs, which was not the case for the pMind strain.
Lung CFU counts increased ~1 log compared to the 3-week
counts for the pMindRv2212 strain, and significant differences
were also evident in spleens (Figure 5C). Importantly, in this
experiment the CFU counts were identical for hygromycin-
containing and antibiotic-free plates, confirming that the plasmid
was retained by bacteria throughout the long, chronic infection
course (data not shown). In agreement with the results of
mycobacterial CFU evaluation, mortality curves obtained in B6
mice demonstrated that the pMindRv2212 strain was much more
virulent in comparison with the control strain (Figure 6).

DISCUSSION

In this study, we present a few lines of evidence indicating
the importance of AC expression and cAMP production
for maintaining Mtb vitality under unfavorable for growth
conditions. Firstly, there was a significant difference in in vitro
growth dynamics between the AC-overexpressing pMindRv2212
and the control strain if the development of bacterial population
started from a small amount of ancestors (Figure1). Such
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pMindRv2212
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©
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r
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10 {
10° 4

lung spleen

FIGURE 5 | M. tuberculosis pMindRv2212 and pMind phenotypes expressed
in vivo. (A) pMindRv2212 strain (left) isolated from lungs provided larger
colonies compared to the control strain (right). Lungs of infected B6 mice were
homogenized, plated on Dubos agar, kept at 37°C for 3 weeks and
photographed. (B) Mice of I/St and B6 inbred strains were infected with 5 x
108 CFUs of M. tuberculosis pMindRv2212 or pMind. At week three
post-infection, lungs were homogenized and serial dilutions were plated on
Dubo medium. The results of two experiments including 4 mice each (total

N = 8) are expressed as mean + SEM. Significant difference (P < 0.01,
ANOVA) was observed between pMindRv2212-infected B6 and I/St mice.

(C) At 6 months post-challenge, ~2 log differences (P < 0.001, ANOVA) were
observed between multiplication of pMindRv22172 and pMind mycobacteria in
lungs and spleens of B6 mice. The results are expressed as mean + SEM

(N = 6).

“low inoculum” cultures are difficult to grow (Mukamolova
et al., 2002; Drancourt and Raoult, 2007) and most often
require additional external growth factors to initiate their active
replication (Mukamolova et al, 2002). On the contrary, if
a bulk inoculum is used for the initiation of mycobacterial

Mortality curve

100

pMind
80 p

60 [

40

Percent survived

pMindRv2212
20

T T T T T T 1
5 6 7 8 9 10 1 12

Time, months post infection

FIGURE 6 | Mortality curve for M. tuberculosis pMindRv2212- and
pMind-infected B6 mice. Mice of B6 inbred strain were infected with 5 x 108
CFUs of M. tuberculosis pMindRv2212 (closed circles) or pMind (open circles).
Mortality was monitored weekly.

liquid culture, the overexpression of the Rv2212 gene does
not influence growth dynamics (Figure S2). As shown earlier,
M. bovis BCG with overexpressed Rv2212 did not show a
significant difference in growth in vitro compared to the wild
type bacteria; however, only high initial cell concentrations were
used in this study. Remarkably, this strain displayed a substantial
growth acceleration compared to the control strain within mouse
macrophages, i.e., when stressful conditions for intracellular
parasite are evident (Pedroza-Roldan et al.,, 2015). Similarly,
the overexpression of Rv2212 in M. smegmatis resulted in an
enhanced survival of bacteria within macrophages (Ganaie et al.,
2016).

Secondly, the importance of cAMP production was
confirmed in experiments on the development of dormant,
NC bacteria in vitro under acidic stress. The AC overexpression
resulted in the prolongation of bacterial capacity to form
CFUs and in a significant delay or even prevention of bacterial
transition toward dormancy (Figure 2). Thirdly, elevated Rv2212
expression and cAMP production substantially stimulated the
recovery of M. tuberculosis from the NC state and resuscitation
of its active growth (Figure 4). Earlier we found that the NC
M. smegmatis resuscitation was induced by exogenous fatty acids
via MSMEG_4279 (ortolog of Rv2212) activation followed by an
increase in intracellular cAMP concentrations. The knocked-out
M. smegmatis strain lacking MSMEG_4279 was unable to
resuscitate in the presence of fatty acids until exogenous cAMP
was added (Shleeva et al., 2013). Finally, the in vivo experiments
demonstrated that the increased level of AC expression (and
evidently cAMP production) in the mutant stimulated Mtb
multiplication in mouse organs.

This latter result is in a sharp contrast with observation by
Pedroza-Roldédn et al. (2015) concerning the BCG-Rv2212 strain,
which exhibited almost identical growth with control strain in
mouse organs. We suspect that this difference may be connected
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with different locations of Mtb and M. bovis BCG within the host
cells.

It was established that highly virulent mycobacterial species,
e.g., M. tuberculosis and M. leprae, readily migrate from
phagosomes into the cytosol of myeloid cells and continue
their replication in this new cellular compartment (van der
Wel et al., 2007). The fact that this migration is largely
dependent upon the ESAT-6 protein, which perturbs the TLR2-
MyD88 signaling pathway in the host cells, is significant for
the prevention of mycobacterial migration from phagosomes
(Rahman et al., 2014). In the genomes of the vast majority of
non-virulent or low-virulent mycobacteria, including BCG, the
secretory RD1 system, which contains genes for major virulence
factors ESAT-6 and cfp10, is lacking (van Ingen et al., 2009),
and a very large proportion of the total bacterial population
indeed resides within macrophage phagosomes. Differences in
intracellular cAMP concentrations might have different impact
on the survival of mycobacteria residing within phagosome and
cytosol compartments.

A relatively moderate increase in cAMP concentrations (~2.5-
fold) appeared to be sufficient to elicit numerous growth-
promoting effects of AC overexpression described above. The
reason why such a subtle increase results in significant changes
in bacterial physiology is unclear, given that during prolonged
storage cAMP concentrations dropped 10-fold, whilst the
numbers of NC bacteria showed ~5-log changes (Figure 3B).
One possibility is that there exists a critical threshold for
cAMP concentrations (18-20 pmol per 1 mg of wet weight),
below which bacteria rapidly acquire NC phenotype, but even
a moderate increase in the cAMP concentrations is sufficient
for resuscitation and growth. Our earlier results demonstrating
a rapid increase in cAMP content at the initial stage of
M. smegmatis resuscitation support this conclusion (Shleeva
etal., 2013).

There is ample evidence that cAMP production is essential
for the survival of the pathogen within host cells. Thus, high
cAMP amounts secreted by Mtb in macrophages modulate
phagosome-lysosome fusion, thus increasing mycobacterial
survival (Kalamidas et al., 2006). The macrophage “intoxication”
by high cAMP concentrations may have a positive effect
on mycobacterial survival (Agarwal et al, 2009). cAMP
influences the expression of genes involved in mycobacterial
response to hypoxic conditions often present in vivo (Gazdik
and McDonough, 2005). High cAMP concentrations raise
mycobacterial resistance to stressful conditions by elevating
the expression of shock proteins GroEL and DnaK (Pedroza-
Roldan et al., 2015). In addition, cAMP directly regulates the
activity of such enzymes as malate dehydrogenase (Gazdik
and McDonough, 2005) and lysine acetylase (Rv0998) (Knapp
and McDonough, 2014) involved in the central mycobacterial
metabolic pathways (Xu et al., 2011). These diverse effects can
plausibly explain the better survival of the Rv2212-overexpressing
strain in vivo.

Basing on the in vitro data, we suggest that a high level
of cAMP interferes with bacterial transition to dormancy and
development of latent-like disease in vivo. Further experiments
are needed to elucidate this possibility, especially since the
pMindRv2212 strain demonstrated an increased virulence in both

genetically TB-susceptible and TB-resistant mice (Figures 5, 6).
This is an important observation, suggesting that either
mycobacterial AC itself or biochemical cascades upstream AC
may be considered as a target for novel anti-TB drugs.

Also of note, that the molecular mechanisms increasing
mycobacterial vitality under elevated cAMP concentrations
remain obscure. The significance of intracellular cAMP as a
second messenger for a wide variety of bacterial biochemical
processes is well-established (Baker and Kelly, 2004), but the
specific downstream processes linking cAMP levels and bacterial
vitality on the transcriptional level are not well-defined. Two
transcriptional factors sensing cAMP inside the cell were
described: CRPyg; (Rv3676) and Cmr (Rv1675¢) (Knapp and
McDonough, 2014). It was demonstrated that Cmr has more
than 300 binding sites along a bacterial chromosome and
thus potentially may be involved in regulating a wide variety
of metabolic processes. In the context of present work, it is
worth mentioning that cAMP modulates Cmr binding with
the genes belonging to the DosR regulon, which is important
for Mtb survival under hypoxic conditions in a non-replicating
state (Ranganathan et al., 2016). CRPyy displays pleotropic
effects as well, including the control of amino acid biosynthesis
(Bai et al., 2011), expression of the RpfA gene encoding
a mycobacterial resuscitation promoting factor (Mukamolova
et al., 2003; Rickman et al., 2005; Shleeva et al., 2013), and
the expression of succinate dehydrogenase (Rv0247c-Rv0249c)
(Knapp et al,, 2015).

Our study clearly demonstrates that elevated cAMP
production due to the Rv2212-dependent AC activity plays
an “anti-dormant” role by supporting, under unfavorable
conditions, the active state of Mtb in culture and its
multiplication inside the host. The exact metabolic structure of
this “vitality supporting” axis remains to be identified.
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Figure S1 | cAMP levels in different strains of M. tuberculosis grown on Sauton’s

medium for 8 days. Recombinant M. tuberculosis strains containing pMindRv2212
vector or empty pMind vector were cultured in the standard Sauton’s medium with
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agitation (200 rpm) at 37°C for 8 days. In some experiments, tetracycline
hydrochloride was added to medium at the final concentration 20 ng per ml.
Results display the average from three independent experiments.

Figure S2 | Growth of different M. tuberculosis strains in the standard
Sauton’s medium from the 10° inoculum. Recombinant M. tuberculosis
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