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Role of innate cytokines in mycobacterial infection

AM Cooper!, KD Mayer-Barber? and A Sher?

Cells of the innate immune system produce cytokines and lipid mediators that strongly influence the outcome of
mycobacterial infection. In the case of Mycobacterium tuberculosis, the lung is a critical site for this interaction.
Here, we review current information on the role of the major innate cytokine pathways both in controlling initial
infection as well as in promoting and maintaining adaptive T-cell responses that mediate host resistance or
immunopathology. Understanding this important feature of the host-pathogen interaction can provide major insights
into the mechanisms of virulence and can lead to new approaches forimmunological intervention in tuberculosis and

other mycobacterial diseases.

INTRODUCTION
Although host defense mechanisms against mycobacteria are on
the whole poorly understood, cytokines have been firmly estab-
lished to have a major role in determining the outcome of infec-
tion with these important intracellular pathogens.! The critical
evidence derives from both studies in experimental models and
observations on patients with genetic or drug-induced deficiencies
in cytokines or their signaling pathways. Of particular note are
tumor necrosis factor (TNF) and interferon (IFN)-v signaling
the functions of which in host resistance to Mycobacterium
tuberculosis (Mtb) have been well documented in both mouse
models and infected humans.!~3

Cytokines have an important role in the adaptive immune
response as both effectors and regulators of mycobacterial
immunity, and their expression profile in CD4 + T cells
clearly delineates the dominant Th1-like response that is
associated with control of infection. This review will focus
on a different, and we believe equally, important function of
cytokines, their critical involvement in innate defense against
mycobacterial infection, and in determining the subsequent
adaptive T-cell response. The cytokines in question are pro-
duced by cells of the innate system and act both in the early
stages of infection to initiate the immune response and at later
stages to sustain and regulate it. Delineating their function
and mechanisms of action during mycobacterial infection
is thus important for understanding how host resistance is
induced, maintained, and regulated. At the same time, learn-
ing how these pathogens evade or manipulate innate cytokine
responses has provided critical insights into the nature of
mycobacterial virulence.

Live attenuated, and heat-killed mycobacteria, are well known
for their immunostimulatory properties and have been used
both experimentally and clinically as adjuvants for immuniza-
tion (e.g., complete Freund’s adjuvant) and in immunotherapy
(e.g., bladder cancer).-® The ability of mycobacterial products
to trigger innate cytokines is considered to underlie the potency
of these interventions. Delineating the role of innate cytokines
in the immunostimulatory activities of mycobacteria is thus
another area of major interest for this field.

The following article provides a brief overview of the roles of
cytokines produced during the innate response to mycobacte-
ria in both host defense and regulation of adaptive immunity.
Owing to its global importance as a human pathogen, Mtb is
the primary focus of our review, although findings from stud-
ies on other mycobacterial species will be cited where relevant.
The lung is both the major site of infection for Mtb and a criti-
cal mucosal organ wherein an uncontrolled immune response
can easily disrupt essential physiological function. Hence, this
review will deal extensively with the induction and regulation
of protective innate responses at that tissue site. Both the major
innate pathways and the related mediators triggered by myco-
bacteria and their regulatory interactions are discussed.

IL-12, IL-23, AND IL-17

Mtb is a potent inducer of the interleukin (IL)-12p40 subunit
cytokine, and deficiency in this cytokine leads to susceptibil-
ity to mycobacterial disease in humans.” This cytokine can
be expressed as a homodimer or as a heterodimer with either
the IL-12p35 or the IL-23p19 subunits, which signal through
the IL-12 receptor 1 chain (IL-12RB1) in conjunction with the
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IL-12RP2 or the IL-23R, respectively.® IL-12p40 is induced
and rapidly expressed in response to Mtb by ligation of Toll-
like receptor (TLR)9 in vivo or TLR2 and TLR9 in vitro.” In the
mouse model, early production of IL-12p40 is not accompa-
nied by substantial IL-23p19 or IL-12p35, but the homodimer
of IL-12p40 (IL-12p80 hereafter) can drive immature dendritic
cells to develop a migratory phenotype and to activate naive T
cells in the draining lymph node!® (Figure 1). There is also an
alternative splice variant of the IL-12RB1, which is induced in
dendritic cells by mycobacteria and which augments the ability
of IL-12p80 to drive dendritic cell migration and T-cell activa-
tion.!! TL-12p80 has also been shown to restore the lost delayed
hypersensitivity response in IL-12p35/IL-12p40-deficient
mice.!? Although the ability of IL-12p80 to affect cell migration
and delayed-type hypersensitivity cannot be assessed directly
in the human lungs, the alternative splice variant is induced in
human peripheral blood cells by mycobacterial! and IL-12p80
has also been identified in bronchoalveolar lavage of patients
with asthma,!?® suggesting that this cytokine could have a role
in the initiation of cellular events in the human lung exposed to
tuberculosis (TB). Indeed mutations in the IL-12p40 receptor
IL-12RBI are strongly associated with susceptibility to TB.!

IL-12p40 can be induced and expressed by itself, whereas
IL-23p19 and IL-12p35 require covalent binding to IL-12p40 to
be secreted, and the secretion of these cytokines in turn depends
on the ligation of different pattern-recognition receptors.!> In
particular, IL-23 can be made by human phagocytes exposed
to Mtb quite readily, likely through the ligation of NOD2 and
TLR2, but production of IL-12p70 requires that the phagocytes
see another signal such as IFN-y or the TLR7/8 ligand R848'°
(Figure 1). A recent study using virulent H37Rv and avirulent
H37Ra Mtb isolates to stimulate human alveolar macrophages
has shown that H37Rv markedly increases IL-23p19 but neither
induces p35 and that IL-23 but not IL-12p70 protein is made.'®
These data suggest that IL-23 is likely to be the initial IL-12p40-
containing heterodimer induced by Mtb in the human lung.

The expression of IL-12p70 in the lungs is not high, and it
is likely that the local production of this cytokine within the
draining lymph node is required to initiate the optimal acquired
IFN-7y response, critical for control of infection.!” Indeed the
absence of IL-12p35 (and thus the loss of IL-12p70) results in
a significant reduction in antigen-specific IFN-y-producing T
cells. Interestingly, cells that do make IFN-vy in the absence of
IL-12p70 are dependent on IL-23, but this IL-23-dependent
response is not sufficient to maintain long-term control of bac-
terial growth!”1® (Figure 1). In further support for a continued
protective role for IL-12p70 throughout infection is the fact that
it is required to maintain pulmonary Th1 effector function.!”
Importantly, although IL-12p80 alone can promote T-cell acti-
vation, it fails entirely to promote the expression of IFN-y, and
this is likely why the control of bacterial growth in the IL-12p40-
deficient mouse is similar to that seen in the mouse lacking both
IL-12p70 and IL-23.11:18

The location of action of IL-12p40-related cytokines
varies. IL-12p80 likely acts very early within the infected tissue,
whereas IL-12p70 acts within the lymph node. In turn, IL-23 is
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likely to act both in the tissue and in the lymph node to drive the
acquired response and later in the chronically inflamed tissue to
promote the expression of a polarized phenotype by infiltrating
lymphocytes and promoting pulmonary tissue integrity. As IL-23
is produced very early by alveolar macrophages, it is well placed
to drive an early IL-17 response from innate cells within the
lung, which has been shown to be important for control of acute
bacterial infections.?? It is clear that after a high-dose exposure
to Mycobacterium bovis BCG in the lung, there is a strong IL-17
response that comes from the 7 T-cell population and that this
is required for a rapid inflammatory response and for protection
in this model?!?? (Figure 1). IL-17 is also expressed by 78 T cells
in low-dose aerosol infections,?® and the IL-17 response to Mtb
is largely dependent on IL-23 and IL-1 (Khader et al.!8 KMB and
AS, unpublished data). However, in contrast to the high-dose
model, IL-17 does not have a protective role in the low-dose
infection model. How this relates to the kind of exposures seen
in nature is unclear, but it would be interesting to compare the
role of IL-17 in high- vs. low-incidence areas.

The local expression of IL-12p70 within the lungs may have
arole in the expression of immunity, but it seems that a balance
between this cytokine and IL-23 is likely required to maintain
the mononuclear cell-enriched nature of the inflammatory
response to Mtb. It has long been known that repeated exposure
to high levels of mycobacterial antigen in Mtb-infected hosts can
lead to development of a detrimental purulent inflammation?*
known as the Koch phenomenon. It seems that both IL-23 and
IL-17 are required for this response, which is characterized by
a change from a mononuclear to a granulocytic inflammation
in the mouse model, with the local expression of IL-23 at the
inflamed site being likely responsible for the enhanced IL-17
response and change in chemokine profile that results in granu-
locytic influx?® (Figure 1). The differentiation state of phago-
cytes in the lung will also affect the cytokine profile as human
monocytes differentiated by granulocyte/macrophage colony-
stimulating factor produce IL-23, whereas those differentiated
in the presence of monocyte-stimulating factor produce IL-10
after mycobacterial exposure.?®

THE IL-1 CYTOKINE FAMILY

The major IL-1 family cytokines IL-1a,, IL-1f3, IL-18, and IL-33
have potent but diverse immunological activities in inflamma-
tion and immune response regulation. Gene-knockout (KO)
studies supporting a role for these cytokines in host resistance
to mycobacteria first appeared a decade ago.?’-3" Ironically,
interest in the IL-1 family of cytokines faded around the same
time that researchers began investigating the interaction
between TLRs and mycobacteria. Most TLRs and receptors
for the IL-1 family members share a common adaptor mol-
ecule, MyD88. When MyD88 was shown by several groups to
be critical for mouse resistance to both Mtb and Mycobacterium
avium, this was interpreted as important evidence for the role
of TLRs in innate recognition of these pathogens.?!~** However,
more recent studies have revealed that mice deficient in the
receptor for IL-1a and IL-1P (IL-1R1) exhibit an acute sus-
ceptibility phenotype nearly indistinguishable from that of
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Mtb results in binding of the bacteria and/or bacterial products to specific receptors, which then induce innate cytokine production by the infected cell.
TNF and LT are produced by bacterially exposed phagocytes and promote the expression of chemokines that recruit inflammatory cells to the lung.
Mtb can modulate the level of TNF and inflammation induced by altering the structure of glycolipids and mycolates on their surface. IL-12p80 promotes
migration of bacteria- and antigen-bearing dendritic cells from the lung to the lymph node to start the acquired response. Virulent bacteria modulate
the response of phagocytes by induction of LTB4 and promote necrotic death of infected cells. Expression of innate cytokines within the lymph

node defines the effector function of T cells. Within the inflammatory site, infected phagocytes control bacterial growth in an IFN-y-, TNF-, and
IL-1R1-dependent manner. ESX-1-related activity by the bacteria can promote the protective IL-1p response while increasing the detrimental type |
IFN response. Mononuclear inflammation is promoted by IFN-y and IL-12p70 while granulocytic and damaging inflammation is driven by IL-23 and
IL-17 during the chronic phase of the disease. IL-10 and IL-27 regulate protective responses but also limit inflammatory responses. A high dose of
bacteria or infection in the absence of acquired immunity illustrates the potential protective role of innate cytokines that do not show a role in low-dose
aerosol infections. IFN-vy, interferon-v; IL, interleukin; LT, lymphotoxin; Mtb, Mycobacterium tuberculosis; TNF, tumor necrosis factor.

MyD88-deficient mice3>*¢ (Figure 1).Thus, IL-1R signaling is
sufficient to explain the requirement for MyD88 in the control
of mycobacterial infection.

Although the field is now in general agreement about the
importance of IL-1/IL-1R1 signaling in host resistance to Mtb,
there is still debate about the function of IL-18 which is also
MyD88 dependent and is known to specifically amplify Th1
responses. Although most reports?®-3>-38 document either a
minor or no contribution of IL-18 and/or its receptor in the
control of Mtb infection and host survival, a recent study docu-
mented acute susceptibility to Mtb equivalent to that of MyD88
KO mice in IL-18 but not in IL-18R KO mice.**** IL-33 is an
IL-1 family cytokine associated with Th2 responses and there-
fore would be expected to have a limited role in determining
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host resistance to mycobacterial infection. Indeed infected mice
deficient in st2, the signaling chain of the IL-33R, were found
to be indistinguishable from wild-type (WT) control animals in
their bacterial loads and pulmonary histopathology.*!

The role of IL-1 in Mtb infection was first documented using
mice doubly deficient in IL-1ot and IL-1f or in IL-1R1 signal-
ing.?830 All studies involving IL-1R1 mice reported decreased
survival and increased pulmonary bacterial loads. These
findings were confirmed in the two more recent reports,3>3¢
which directly compared IL-1R1 KO and MyD88 KO mice and
described indistinguishable necrotic lung pathology and sus-
ceptibility to infection (Figure 1). It is noteworthy that none
of the aforementioned studies observed major defects in the
TNFa, IL-12/IENY, or inducible nitric oxide synthase pathways
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in the absence of IL-1R1 signaling, arguing that IL-1 regulates
host resistance to Mtb by a distinct mechanism not involving
the former effectors previously demonstrated as essential for
control of infection.

Mice singly deficient in IL-1f have also been found to be
acutely susceptible to Mtb infections, arguing not only that
IL-1P is required for host resistance but also that IL-1f3 has a
non-redundant function that cannot be compensated for by IL-a,
which signals through the same IL-1R1 complex.® IL-1B is a
potent pyrogenic cytokine the biological activity of which must
be tightly regulated. This is achieved through various mecha-
nisms including control of gene expression, post-transcriptional
activation of the cytokine through protein cleavage, and through
inhibition of receptor binding by interaction with decoy recep-
tors and soluble IL-1R antagonists.*> The proteolytic cleav-
age step from the inactive 31 kDa pro-form to the active-form
17kDa IL-1f is mediated by a multiprotein complex known as
the inflammasome, which triggers the activation of caspase-1,
the enzyme that converts immature to mature IL-1p.42

Bone marrow-derived macrophages and dendritic cells
exposed to Mtb in vitro produce mature IL-1f through the
nod like receptor family, pyrin domain containing 3 (NLRP3)-
inflammsome-mediated activation of caspase-1.374344 This
production has been shown to be dependent on the presence
of the mycobacterial ESAT-6 secretion system 1 (ESX-1) secre-
tion system, which mediates release of major virulence factors
encoded by the region of difference 1 (RD-1) region of the Mtb
genome?* (Figure 1). The apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain (ASC) is a critical
component of the NLRP3 inflammasome and as a consequence,
ASC-deficient bone marrow-derived macrophages and den-
dritic cells fail to produce IL-1p in response to Mtb exposure in
vitro.36:3743.44 Importantly, although all studies agree that the
NLRP3 inflammasome through ASC and caspase-1 is critical for
IL-1p induction in vitro, they also show that mice deficient in
caspase-1, ASC, and NALP3 display little or no phenotype after
low-dose aerosol infection with Mtb.3637:43 The fact that IL-1j-
deficient mice are highly susceptible, whereas casapse-1-, ASC-,
and NLRP3-deficient mice are not, argues that IL-1f can be
cleaved in vivo by an inflammasome-independent mechanism.
Candidate cleavage enzymes include other caspases, chymases,
cathepsins, and elastases.*? The latter two are expressed in high
levels by neutrophils, which have been previously shown to pro-
duce and process IL-1P by a caspase-1-independent pathway.*>
Identification of the cellular source of the IL-1 produced in vivo
in the lungs of infected mice is required to study the respective
roles of this and other candidate IL-1f cleavage pathways and
more importantly to determine the general effector function
of this cytokine in the cellular response to Mtb. It is of further
interest that in addition to IL-1f single-deficient mice, animals
deficient only in IL-1a are also highly susceptible to Mtb infec-
tion (KMB and AS, in preparation), and that IL- 10 in contrast to
IL-1P does not require proteolytic activation and can also func-
tion as a nuclear transcription factor. Thus, another fascinating
issue concerns how these two innate cytokine ligands for IL-1R1
cooperate in the induction of host resistance against Mtb.
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Perhaps the key question raised by the dramatic susceptibility
of IL-1-deficient mice to Mtb infection concerns the mechanism
by which IL-1 restricts bacterial growth in non-deficient hosts.
Although the available literature argues that IL-1 has little or
no effect on the adaptive Th1l response, we have observed a
major defect in Th17 responses in deficient mice (KMB and
AS, unpublished). Nevertheless, despite the absence of IL-17,
no defects in pulmonary neutrophil recruitment have been
observed in IL-1R1 KO animals (Sugawara et al.?%; KMB and
AS, unpublished). As noted above, high levels of necrosis are
observed in the lungs of infected IL-1R-deficient mice, and
hence, one possibility is that IL-1 regulates host resistance by
modulating cell death (Figure 1).

In humans, a role for IL-1 signaling in host resistance to Mtb
is supported by a number of genetic studies demonstrating an
association of polymorphisms in the IL-1 or IL-IR genes with
altered disease progression and susceptibility.**~4° IL-1 block-
ade has become an accepted therapy for many auto-inflam-
matory diseases and rheumatoid arthritis, and if indeed IL-1
signaling is important for control of Mtb in humans, there is a
potential risk for disease exacerbation or reactivation of latent
infection in Mtb-exposed individuals undergoing such treat-
ment. However, a survey of the literature revealed only one
case report of Mtb reactivation associated with IL-1 inhibition
through Anakrina.>® With the advent of newer, more effective
approaches for IL-1 blockade and the increased use of these
therapeutic agents, studies should be initiated to determine
whether IL-1 has a critical role in the control of human Mtb
infection analogous to that previously revealed by cytokine
blockade for TNE>!

TYPEIANDTYPE Il IFNS

IFNs have long been recognized as important for host resistance
to mycobacterial infection and considered as potential thera-
peutics. However, it is only in the last decade that IFN produc-
tion by the innate immune system has been considered as an
important component of this response. In the case of type II
IFN-vy, which has a well-established protective function against
Mtb and other mycobacteria in both mice and humans, con-
ventional CD4+ and CD8 + T cells were considered the pri-
mary source of the cytokine. It is now known that the innate
lymphocytes, yd T cells, natural killer (NK) T cells, and NK
cells that possess restricted or invariant receptor repertoires can
also produce IFN-v in response to mycobacterial stimulation
and can display protective effects against Mtb both in vitro and
in vivo upon adoptive transfer! (Figure 1). However, whether
these cells contribute to the IFN-y-dependent control of infec-
tion when an adaptive T-cell response is also present remains
unclear. For example, although depletion experiments indicate
that NK cell-produced IFN-7 is responsible for the partial resist-
ance of rag~/~ mice to Mtb infection,*? similar depletion of NK
cells in T cell-sufficient WT mice fails to influence control of
infection.>® Nevertheless, NK cells, y3 T cells, and NK T cells
may serve as secondary sources of IFN-v that prevent the adap-
tive immune system from being overwhelmed as a consequence
of heavy or hypervirulent mycobacterial exposure (Figure 1).
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In addition, it is possible that these innate sources of the cytokine
have a more important protective role in humans than in mice,
particularly in the setting of T-cell immunodeficiency as seen
in HIV* individuals infected with Mtb.

In contrast to IFN-v, there is a lack of consensus as to whether
type I IFN has any anti-mycobacterial activity, and indeed most
studies suggest that these cytokines actually promote infection.
In mouse M. avium infection, the continuous infusion of IFN-f3
led to increased resistance as evidenced by a 10-fold reduction in
hepatic and splenic bacterial loads.’* However, in Mtb infection,
endogenous type I IFN promotes rather than limits bacterial
growth.”>>=7 In particular, the hypervirulence of an Mtb strain
has been correlated with enhanced type I IEN synthesis, which
was associated with impaired Th1 immune responses.> Later, it
was shown that type I IFN receptor-deficient mice, chronically
infected with various different Mtb strains, displayed signifi-
cantly reduced bacterial loads when compared with similarly
infected WT animals.>® More recently, it was reported that
Mtb-infected mice treated with the type I IFN inducer polyi-
nosinic-polycytidylic acid stabilized with poly-L-lysine show
exacerbated lung pathology and mycobacterial burden and,
in the case of chronically infected animals administered the
drug, reactivated disease.>® This type I IFN-induced exacerba-
tion was not associated with altered T-cell function, but instead
correlated with the recruitment into the lungs of a population
of CD11b*F4/80* Gr1i™ myeloid cells that display decreased
major histocompatibility complex IT and IFN-YR expression, as
well as enhanced bacterial levels relative to the same subset of
cells purified from infected, untreated control mice®® (Figure 1).
Thus, in mouse TB, as previously described for Listeria infection
in mice,>® type I IFN enhances infection.

The association of type I IFN induction with Mtb virulence
has also been observed at the level of the infected cell. Thus,
comparison of gene expression profiles in mouse macrophages
infected with virulent Mtb vs. an avirulent mutant with an inac-
tive ESX-1 secretion system, revealed the selective induction
of type I IFN-associated genes and IFN-f3 by the virulent, but
not the avirulent, bacteria®® (Figure 1). This virulence-associ-
ated type I IFN response was found to be independent of the
TLR adaptor TRIF and RIP2, the adaptor for NOD1 and NOD2
signaling, but required TBK1, a kinase also necessary for type
1 IFN induction by viruses and Listeria.®® Although partially
confirming the above findings, a second study differed in argu-
ing that Nod1, Nod2, and RIP2 are indeed required for type
I IFN induction by virulent Mtb and proposed that the func-
tion of ESX-1 in virulence determination is to provide bacterial
Nod ligands (e.g., N-acetyl-muramyl dipeptide) access to these
host cytoplasmic receptors through damage of the phagosomal
vacuolar membrane.5!

A recent report has suggested that type I IFN induction may
also be a factor determining the outcome of human Mtb infec-
tion.®? The authors surveyed gene expression in whole blood
collected from a large group of patients with latent and active
TB. They found that most patients with active disease displayed
an expression signature dominated by IFN-induced genes in
neutrophils (Figure 1). The same profile was also present in
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~10% of asymptomatic patients with latent infection, suggesting
that these individuals represent the subgroup at the highest risk
for active TB. Taken together, the above findings implicate type I
IFN as a downregulator of protective immune function in both
mouse and human Mtb infections. Both the pathways for induc-
tion of type I IFN by Mtb and the mechanism(s) by which these
cytokines suppress host resistance are currently active areas of
investigation in the field.

IL-10, IL-27, AND IL-6

Both IL-27 and IL-6 are related,® and these cytokines along with
IL-10 modulate the response to mycobacteria. IL-10 is elevated
in samples obtained from patients with TB,%* and an increased
ability to innately produce IL-10 is associated with increased
incidence of disease.® IL-10 reduces the protective response
to Mtb in animal models but only when it is strongly induced
i.e., in the case of the CBA mouse wherein IL-10 is produced by
phagocytes within the lung lesion and reduces expression of TNF
and IL-12p40.9%67 IL-10 has also recently been shown to block
phagosome maturation in human alveolar macrophages.®® The
importance of IL-10 may be double edged; however, as even in
mouse strains in which it does not limit the protective response,
it seems to be required for long-term control of inflammation®’
(Figure 1).

IL-6 is a potent cytokine that is induced by Mtb but which has
varying effects dependent on the nature of the challenge. In the
low-dose aerosol model, its absence leads to delayed expression
of the IFN-v response in the lung and a modest increase in bac-
terial burden.”® Indeed the T-cell response seems to need IL-6
to develop optimally during mycobacterial infections and vac-
cination’!72 (Figure 1). Similar to the case for IL-17, low-dose
aerosol infection does not require IL-6 to be controlled, whereas
in the absence of IL-6, a high dose of bacteria is lethal,”? sug-
gesting that the ability of IL-6 to augment the response becomes
critical when bacterial burden is high (Figure 1). This similar
dose dependency of susceptibility between IL-6 and IL-17R KO
mice suggests that it will be important to determine whether the
key action of IL-6 in the high-dose model is to promote Th17. In
addition to acting during initiation of responses, IL-6 expres-
sion in the inflammatory site can modulate the maintenance of
IL-17-producing cells.”* The relative levels of IL-6 and trans-
forming growth factor-} could also determine the Treg/Th17
ratio within the inflammatory site, thereby influencing the
inflammatory and protective outcomes during chronic disease.

Both IL-6 and IL-27 signal through the gp130 receptor.
Absence of this receptor on LysM-expressing cells results in
increased expression of inflammatory cytokines and phagocyte
activation, as well as in increased Th17 responses but does not
result in increased control of bacterial growth or pathology.”>
The absence of the IL-27 receptor (IL-27R) leads to better con-
trol of bacterial growth in the lung, but the mechanism behind
this is unclear.”®’7 IL-27 promotes IL-10 and antagonizes IFN-
v and IL-17 responses,’®”? and alteration in these cytokines
will substantially alter the development of the inflammatory
response and expression of protective immunity. Recent stud-
ies have also identified a role for the IL-27p28 subunit alone
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as an antagonist of gp130 signaling that reduces IL-6-induced
IL-17 and IL-10 production.®? Determining how IL-27R activity
reduces protection against Mtb is an important task not only as
a pathway to improve vaccination strategies but also because it
reflects the response of the host to a chronic pathogen and may
indicate a pathway whereby the host tolerates the pathogen to
protect the organ infected. In this regard, it is critical to note
that although bacterial burden is reduced in the absence of this
receptor, mice have greater inflammatory responses and reduced
survival’®’7 (Figure 1).

LT/TNF

The relative roles of TNF and lymphotoxin (LT) in Mtb have
been a subject of controversy recently. Although it is clear that
the absence of TNF results in rapid susceptibility to Mtb growth
and death of the host,?! the specific reason for this enhanced
susceptibility is not completely clear. Phagocyte activation is a
key deficiency in the absence of TNF, but there is also a seri-
ous deficiency in chemokine expression and the influx of cells
to the granuloma in the absence of this cytokine®? (Figure 1).
TNF that is restricted to the membrane can contain an acute
infection, but the full complement of TNF activity is required
for long-term maintenance of the mononuclear granuloma and
control of bacterial growth.8384 In the absence of LT, there is a
loss of lymph nodes, and hence, bone marrow chimeras lacking
both secreted LT-o and the membrane-bound LT-f3 have been
used to assess the role of these molecules. In particular, mice
lacking both membrane-bound and secreted LT can express
an acquired response, but the organization of the granuloma is
compromised and these mice are more susceptible to disease.
In contrast, mice lacking just the membrane-associated LT-f are
no more susceptible than are WT mice to an aerosol infection,3
but have a modestly increased susceptibility to disease when
infected through the intranasal route.® In contrast to earlier
data, a recent paper has suggested that LT-a does not have a
significant role in acute susceptibility to Mtb, rather an increase
in bacterial burden late in infection is reported.8” Although the
authors of the latter paper suggest that earlier LT-o mice had
defective TNF production, this was not the case for the earlier
study wherein equivalent TNF production between WT and
LT-a-deficient mice was reported.®> Furthermore, it has been
shown that the absence of either TNF or LT-a has distinct con-
sequences on the progression of Mycobacterium leprae infections
in the mouse model.®® It may be that the relative levels of LT
and TNF are critical for host defense, and that dose, route, and
possibly bacterial isolate may have a role; this is an area that still
needs to be clarified.

EICOSANOIDS

Eicosanoids are lipid mediators that are derived from arachi-
donic acid and include prostaglandins, lipoxins, and leukot-
rienes. In the context of TB, the balance between prostaglandin
E2 and lipoxin A4 production by Mtb-infected macrophages
has been shown to affect the outcome of infection both in vitro
and in vivo by directing macrophages either toward apoptosis
or necrosis, respectively.3’ The apoptotic cell death program
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is considered to be induced by attenuated Mtb, which leads to
control of mycobacterial growth inside the infected macrophage
and is accompanied by prostaglandin E2 synthesis, whereas
virulent Mtb promotes necrosis, which is associated with high
leukotriene B4 and lipoxin A4 and favors bacterial replication®
(Figure 1). Accordingly, mice deficient in 5-lipogygenase, which
metabolizes arachidonic acid into lipoxin A4 and leukotriene
B4, are more resistant to aerosol infection with Mtb and harbor
fewer bacteria in the lung,”® whereas mice lacking prostaglan-
din E synthase display higher bacterial loads and succumb to
infection earlier.”1*2 Moreover, a recent study has revealed a
conserved role for leukotriene A4 hydrolase in both zebrafish
and humans in regulating the balance between pro and anti-
inflammatory eicosanoids during mycobacterial infection.®3
Taken together, these findings reveal a striking function for
eicosanoids that spans various host species. Proinflammatory
cytokines such as TNF are likely to be key cues directly linking
the innate immune system to the eicosanoid pathway during
Mtb infection.

BACTERIAL INDUCTION OF INNATE CYTOKINES

The ability of the innate cytokines to affect not only the initiation
but also the expression of acquired immunity and the potential
for a pathological response makes them a target for manipula-
tion by the bacteria. The importance of this manipulation is two-
fold: first, the bacteria need to limit immunity and second they
need to promote the inflammation that allows for liquefaction
of the granuloma and generation of the infectious cough. The
ability of the bacteria to modulate expression of innate cytokines
has recently been assessed not only for lab strains but also for
the increasingly appreciated variety of clinical isolates. It is now
clear that Mtb migrated out of Africa with the human popula-
tion and has separated into several groups since that time.*
In particular, a subset of the successful Beijing strains express
a phenolic glycolipid that is associated with decreased induc-
tion of cytokines such as IL-10, IL-6, and TNF relative to other
clinical isolates and the laboratory strain H37Rv, which do not
express this glycolipid®>°¢ (Figure 1). In addition, a recent study
characterizing both the human and genetic diversity of patients
suggests that the innate autophagic response to TB is effective
but only in those patients infected with strains that are unable
to make the phenolic glycolipid, and thereby fail to limit the
innate response.”’ In addition to the phenolic glycolipid, modest
changes in other major Mtb molecules are critical for virulence
as illustrated by the fact that a mutant Mtb that is unable to
cyclopropanate o-mycolates is killed in vivo in a TNF-depend-
ent manner.”® Conversely, the inability to trans-cyclopropanate
methoxy- and keto-mycolates increases the inflammatory acti-
vity of the mutant and the trehalose dimycolate extracted from
it, suggesting that the bacteria fine tunes this major surface
molecule to modulate innate immunity and inflammation®®
(Figure 1). Trehalose dimycolate is now known to bind the
FcRy-associated, C-type lectin Mincle and signal through Syk-
CARD9-Bcl10-Malt 1 to promote the release of IL-1, IL-6, and
TNF, and accordingly the cytokine response to whole bacteria
is reduced in the absence of Mincle.!%%-192 Defining how the
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bacteria initiate and modulate the innate cytokine response will
provide essential information for understanding the interaction
between host and pathogen, as well as the potential for defined
mycobacterial products to be used as adjuvants.

CONCLUSIONS

The importance of the innate response to Mtb has been
overlooked in the past because of the apparent overriding
role of the acquired response in limiting this disease. Unlike
the acquired response, it seems that the role of the innate
cytokine response in survival is more dependent on route,
dose, and isolate, and these variables need to be considered
when interpreting the importance of a specific cytokine. In
addition, there may be fundamental differences between the
innate response between different animal models and humans
not least because of the phagocyte populations that are most
commonly examined. In this review, we have outlined the
major innate cytokine pathways that influence the outcome
of mycobacterial infection but have not discussed the equally
important topic of how these pathways might regulate each
other and/or cooperate in mediating host resistance. This is
an exciting and challenging new research area that is likely
to be a major focus for future work in the field. In addi-
tion, it is of great interest to determine the extent to which
both the lung and gut commensal flora affect the expres-
sion of innate cytokine responses with regard to this chronic
pulmonary infection.

Our improved comprehension of the role of the innate
response in inducing, maintaining, and regulating the acquired
response suggests that modulating the innate arm of the immune
system could aid in control of Mtb disease. In addition, under-
standing the function of innate cytokines in this persistent
bacterial infection will provide more general insights into how
the host responds to a chronic stimulus and to the pathogenesis
of chronic inflammatory diseases of other causes.
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