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M. tuberculosis " Protects against
Environmental Stress, Inmune Responses

o= master regulator is important for virulence and for responding to
environmental stresses, many of which affect the bacterial cell envelope

Patricia A. Fontan and Issar Smith

acterial sigma (o) factors bind to

RNA polymerase and provide this en-

zyme with specificity for particular

promoters. This interaction generates

a mechanism for regulating gene ex-
pression. Thus, different o factors bind to RNA
polymerase, allowing different groups of genes
to be expressed in response to changing condi-
tions.

More specifically, o factors within the extra-
cytoplasmic function (ECF) class regulate genes
that allow microorganisms to respond to envi-
ronmental changes. In some cases, genes con-
trolled by ECF o factors are involved in bacterial
virulence. Mycobacterium tuberculosis (Mtb)
carries 13 o factor genes, including 10 of the
ECF o subgroup, reflecting the versatility of this
microorganism to adapt to many types of stress
and to succeed as a pathogen. Our research
group and others are studying the role of ¥, one
of the Mtb ECF o factors, in mycobacterial
physiology and virulence. The o regulon is ac-
tivated during macrophage infection, and the
Mtb components that are produced exert global

effects on host responses, as well as within epi-
static pathways by which o* is regulated.

The of Regulon during M. tuberculosis In
Vitro Growth and in Macrophages

The Mth ECF ¢" is a master regulator that is
important for virulence and for responding to
environmental stresses, many of which affect
bacterial cell envelopes. Although other Mtb o
factors, including 0" and the ECF ¢ factors o*
and o™, control expression of cell envelope com-
ponents, only o is essential for this microorgan-
ism to survive in macrophages and for its max-
imal growth in mouse lungs. The sigE mutant
strain, in addition to being attenuated, is sensi-
tive to several membrane-disrupting agents, in-
cluding the detergent sodium dodecyl sulfate
(SDS), the cationic peptide polymyxin B, and the
protonophore carbonyl cyanide chlorophehyl-

hydrzone (CCCP).
SDS induces expression of several Mzb genes
in a 0*-dependent manner. One of them encodes
a putative PspA protein (Rv2744c), which is

Summary

e M. tuberculosis o® regulates expression of sev-
eral bacterial components, including those that
maintain the cell envelope and several genes
encoding regulatory proteins.

e ¢ is important for M. tuberculosis to suppress
host immune responses and to survive in host
macrophages.

e Several components of the ¢* regulon down-
modulate the host innate immune response.

also induced during macrophage infection,
and this upregulation requires ¢ (see ta-
ble). In Escherichia coli, membrane-damag-
ing agents as well as defects in secretion
induce PspA. This protein protects bacteria
from the action of cationic peptides and
CCCP by restoring electron transport. The
decreased expression of PspA in the Mib
sigE mutant may be the cause of its in-
creased sensitivity to polymyxin B and
CCCP.

In addition, o controls the expression of
several genes encoding regulatory proteins
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Mtb genes under sigE control during macrophage infection

ID Gene Name  Functional annotation

Rv0251c  hsp Cell Processes— Chaperones/Heat shock

Rv0479¢c  Rv0479c Macromolecule metabolism— Cell envelope— Other membrane proteins

Rv0563 htpoX Cell Processes— Chaperones/Heat shock

Rv0896 gltA2 Small-molecule metabolism— Energy Metabolism— TCA cycle

Rv1072 Rv1072 Macromolecule metabolism— Cell envelope— Other membrane proteins

Rv1630 rpsA Macromolecule metabolism— Synthesis and modification of macromolecules—
Ribosomal protein synthesis and modification

Rv2094c  tatA Macromolecule metabolism— Cell envelope— Other membrane proteins

Rv2276 Rv2276 Other— Cytochrome P450 enzymes

Rv2519 PE 26 Other— PE and PPE families— PE family— PE subfamily

Rv2684 arsA Cell Processes— Transport/binding proteins— Anions

Rv2710 sigB Macromolecule metabolism— Synthesis and modification of macromolecules— RNA
synthesis, RNA modification and DNA

Rv2744c  35kd_ag Putative PspA protein

Rv2745¢c  Rv2745¢c Small-molecule metabolism— Broad regulatory functions— Repressors/activators

Rv2971 Rv2971 Small-molecule metabolism— Energy Metabolism— Miscellaneous oxidoreductases
and oxygenases

Rv3050c  Rv3050c Small-molecule metabolism— Broad regulatory functions— Repressors/activators

Rv3140 fadE23 Small-molecule metabolism— Degradation— Fatty acids

Rv3592 Rv3592 Putative sugar binding protein

Rv3634c  rmIB2 Small-molecule metabolism— Central intermediary metabolismm— Sugar nucleotides

Rv3767c  Rv3767c Putative S-adenosyl-L-methionine-dependent methyltransferase

Rv3826 fadD23 Small-molecule metabolism— Degradation— Fatty acids

such as sigB, which encodes o®, a general
stress sigma factor that is very similar to o,
the major housekeeping mycobacterial o fac-
tor. o also controls the expression of tatA,
which codes for one of the proteins of the
Sec-independent TAT system of secretion. In
gram-negative bacteria, this secretion system
is an important virulence factor. The compo-
nents of the TAT system are also essential in
M. tuberculosis. Moreover, a mutant whose
gene encoding a substrate for the TAT system
is disrupted is no longer virulent.
Transcriptional profile analysis of M. tuber-
culosis wild type and sigE mutant strains during
infection of macrophages reveals that ¢* regu-
lates genes encoding several distinct classes of
proteins, including some that are annotated to
be involved in making galactofuran that is essen-
tial for linking peptidoglycan and mycolic acid,
making mycolic acids, metabolizing and detox-
ifying fatty acids; some that are annotated as
encoding endopeptidases, amidohydrolases,
oxidoreductases, oxidases; and trans-membrane
proteins (see table). These observations suggest
that M. tuberculosis o* helps to control expres-
sion of bacterial components that are involved
in maintaining cell envelope integrity, transport-

ing substances across the cell membrane, and
detoxifying cells.

The oF Regulon Dampens
Host Immune Responses

The importance of o™ in the M¢b response to cell
envelope stress and in its ability to grow in
macrophages suggests that this o factor controls
events that may occur early during the establish-
ment of infection. It is at this time that the host
immune system becomes activated and ulti-
mately results in the formation of a granuloma
that controls bacterial dissemination.

However, Mtb has evolved mechanisms to
evade the antibacterial immunological mecha-
nisms of the infected host. For example, the cell
envelope phenolic-glycolipid PGL-Tb down reg-
ulates the host Th1 innate immune response.
Also, the mannose-capped, lipoarabinomannan
(ManLAM) cell-surface component exerts a
strong immunosuppressive effect.

Similarly, we postulate that ¢ regulates
many factors that play a role in the interac-
tions between M. tuberculosis and its hosts,
including several that directly affect host im-
mune responses. To provide evidence for this
hypothesis, we compared the transcriptional

E
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response of human and murine macro-
phages infected with wild-type M. tu-
berculosis H37Rv and the sigE mu-
tant. At the same time we also
analyzed the transcriptome of these
two bacterial strains during macro-
phage infections. Our results indicate
that components of the o regulon
down-modulate the host innate im-
mune response.

Specifically, the sigE mutant up-regu-
lates several genes in macrophages that it
infects compared with macrophages that
the wild-type M. tuberculosis infects. The
macrophage components encoded by
these genes are part of the common, or
innate immune, defense program that the
host elicits immediately after being in-
fected by many pathogens (Fig. 1). In par-
ticular, the sigE mutant up-regulates
genes encoding proteins of the acute-
phase innate immune response, the toll-
like receptors TLR1 and TLR2, pro-in-
flammatory cytokines and chemokines,
and defensins and prostoglandins.

The lipid bodies that characterize
foamy macrophage in mouse lungs in-
fected with BCG are particularly rich in
prostaglandins. When mouse lungs are
infected with the sigE mutant, numbers
of foamy macrophages increase. Other
experiments have shown that when den-
dritic cells are infected with the sigE
mutant, interleukin (IL)-10 increases
while production of the chemokine
CXCL10 is reduced. Overall, these
changes may limit migration of lympho-
cytes and reduce tissue damage. Also,
increased IL-10 may boost production
of interferon (INF)-v, which is bacterio-
static.

Regulation of ¢t Synthesis and Function

FIGURE 1
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Pathway analysis of differential gene expression in response to infection by H37Rv or the
sigk mutant. Using Pathway Assist, a biological pathway was built by searching for nodes
and links in common from macrophages genes differentially regulated after infection
with H37Rv or the sigk mutant. The links and nodes among genes represent literature-
based findings retrieved from ResNet database 3.0 (Medline as of August 24, 2004). The
grey dotted line arrow with “+" depicts positive regulation, the dotted grey line ending
with “—" depicts negative regulation. Ligands, receptors, transcription factors, kinases,
phosphatases, and proteins are represented by rhombus, stick shapes, O shapes, sickle
shapes, concave shape, and ovals, respectively.

Expression of the gene encoding RelA, a ppGpp
synthase, partially depends on ¢ in Mycobacte-

The ECF sigma factors are regulated at several
levels. For instance, several environmental con-
ditions induce M. tuberculosis sigE expression.
Moreover, two genes, one encoding a putative
serine protease (htrA) and the other a putative
anti-sigma factor (rseA), are found downstream
of sigE, suggesting posttranscriptional regula-
tion. In fact, purified RseA specifically binds to
o®, preventing its function in transcription.

rium smegmatis, a nonpathogenic relative of M.
tuberculosis. This dependence requires the
MprAB two-component system, whose expres-
sion, in turn, depends on a functional polyphos-
phate kinase (PPK1). Thus, oF in M. smegmatis
may regulate the alarmone ppGpp, which is part
of the stringent response to starvation.

M. tuberculosis appears to encode a similar
regulatory pathway. Thus, for example, de-

Volume 4, Number 3, 2009 / Microbe « 121



|_FEATURES |

FIGURE 2

Cell envelope stress
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M. tuberculosis o response to cell envelope stress during macrophage infection. The & network of activation during cell envelope stress
and during Mtb infection of macrophages elicits similar bacterial responses. Filled arrows indicate effects and interactions. Dotted arrows
indicate suggested but not proved pathways later in infections. Question marks indicate unknown activation mechanisms.t.

creasing the levels of PPK1 in M. tuberculosis by
antisense technology reduces expression of
mprAB, sigE, and relA. Moreover, MprAB con-
trols the expression of sigE as well as sigB in M.
tuberculosis. However, RelA cannot be respon-
sible for the sigE mutant phenotypes since a relA
mutant is not attenuated during macrophage
infection and it survives less well than does the
sigE mutant during the chronic phase of the
mouse lung infection. Moreover, there is no
experimental evidence that o* regulates expres-
sion of relA.

In E. coli, ppGpp regulates expression of sigE
in an RseA-independent way as cells enter sta-
tionary phase. Thus, o* can respond to intracel-
lular signals in addition to responding to cell
envelope stress. This regulation might enable E.
coli to change the cell envelope in response to
stress induced during stationary phase.

However, in M. smegmatis, ppGpp does not
regulate the expression of sigE. Although sigE
expression increases when M. smegmatis cells
enter stationary phase, the same does not oc-
cur in M. tuberculosis. Whether ppGpp regu-
lates the expression and activity of Mtb sigma

factors remains to be determined. When M.
tuberculosis cells are starved, they induce ex-
pression of sigE, sigB, sigF, and sigD, whereas
for relA mutants expression of only sigD is
affected. Moreover, strains with deletions in
these regulators do not show an attenuated
growth phenotype during chronic infection as
do relA mutants.

Role of o during Later
Stages of Infection

During a chronic infection, M. tuberculosis may
modify its cell envelope. Thus, ¢ may be rele-
vant for M. tuberculosis’s entrance to a persis-
tence state. Although ¢ plays no apparent ma-
jor role in M. tuberculosis survival during
persistence, this protein might be necessary at sev-
eral other stages of infection when ¢® and other
sigma factors may amplify or sustain its signal
(Fig. 2). A conditional gene silencing system that
shuts down sigE expression at various times dur-
ing M. tuberculosis infection could help in deter-
mining the role, if any, of ¢ during chronic infec-
tions and the hierarchical roles of transcriptional
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components in the regulatory network that en-
ables M. tuberculosis to survive in its host.

o® regulation is complex, and only partly
understood (Fig. 2). For example, little is known
about the circuitry by which Pkk1 is activated to
synthesize polyphosphate and the way in which
this compound interacts with the MprAB two-
component system. What prevents the anti-

sigma factor RseA from binding to o* and inhib-

iting its function is also not understood.

Such information could help in developing
new antitubercular therapies. Because the M.
tuberculosis sigE mutant strain stimulates the
host immune system during macrophage infec-
tions, that mutant might be evaluated for use as
a vaccine strain and whether it can protect
against a subsequent virulent M. tuberculosis
challenge.

b FEATURES

ACKNOWLEDGMENTS

We thank Virginie Aris for creating Fig. 1, Eugenie Dubnau for reading and discussing this article, and Yvegeniy Senin for
technical assistance. Financial support: NIH grants (RO1) AI-44856 and (RO1) HL-68513 (awarded to 1.S.), CFAR grant
(NYU Medical Center) 26X1500 73390 12680 (awarded to P.A.F.).

SUGGESTED READING

Ando, M., T. Yoshimatsu, C. Ko, P. J. Converse, and W. R. Bishai. 2003. Deletion of Mycobacterium tuberculosis sigma
factor E results in delayed time to death with bacterial persistence in the lungs of aerosol-infected mice. Infect. Immun.
71:7170-7172.

Dona, V., S. Rodrigue, E. Dainese, G. Palu, L. Gaudreau, R. Manganelli, and R. Provvedi. 2008. Evidence of complex
transcriptional, translational, and posttranslational regulation of the extracytoplasmic function sigma factor sigma E in
Mycobacterium tuberculosis. J. Bacteriol. 190:5963-5971.

Fontan, P. A., V. Aris, M. E. Alvarez, S. Ghanny, J. Cheng, P. Soteropoulos, A. Trevani, R. Pine, and I. Smith. 2008.
Mycobacterium tuberculosis sigma factor E regulon modulates the host inflammatory response. J. Infect. Dis. 198:877-8835.
Giacomini, E., A. Sotolongo, E. Iona, M. Severa, M. E. Remoli, V. Gafa, R. Lande, L. Fattorini, I. Smith, R. Manganelli, and
E. M. Coccia. 2006. Infection of human dendritic cells with a Mycobacterium tuberculosis sigE mutant stimulates production
of high levels of interleukin-10 but low levels of CXCL10: impact on the T-cell response. Infect. Immun. 74:3296-3304.
He, H., R. Hovey, J. Kane, V. Singh, and T. C. Zahrt. 2006. MprAB is a stress-responsive two-component system that directly
regulates expression of sigma factors SigB and SigE in Mycobacterium tuberculosis. ]. Bacteriol. 188:2134-2143.
Manganelli, R., L. Fattorini, D. Tan, E. Iona, G. Orefici, G. Altavilla, P. Cusatelli, and I. Smith. 2004. The extra cytoplasmic
function sigma factor sigma(E) is essential for Mycobacterium tuberculosis virulence in mice. Infect. Immun. 72:3038-3041.
Manganelli, R., M. L. Voskuil, G. K. Schoolnik, and I. Smith. 2001. The Mycobacterium tuberculosis ECF sigma factor
sigmakE: role in global gene expression and survival in macrophages. Mol. Microbiol. 41:423-437.

Pang, X., P. Vu, T. F. Byrd, S. Ghanny, P. Soteropoulos, G. V. Mukamolova, S. Wu, B. Samten, and S. T. Howard. 2007.
Evidence for complex interactions of stress-associated regulons in an mprAB deletion mutant of Mycobacterium tuberculosis.
Microbiology 153:1229-1242.

Rhodius, V. A., W. C. Suh, G. Nonaka, J. West, and C. A. Gross. 2006. Conserved and variable functions of the sigmaE stress
response in related genomes. PLoS Biol 4:e2.

Rodrigue, S., R. Provvedi, P. E. Jacques, L. Gaudreau, and R. Manganelli. 2006. The sigma factors of Mycobacterium
tuberculosis. FEMS Microbiol. Rev. 30:926-941.

Sureka, K., S. Dey, P. Datta, A. K. Singh, A. Dasgupta, S. Rodrigue, J. Basu, and M. Kundu. 2007. Polyphosphate kinase is
involved in stress-induced mprAB-sigE-rel signalling in mycobacteria. Mol. Microbiol. 65:261-276.

Volume 4, Number 3, 2009 / Microbe o 123



