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Abstract
Tuberculosis is primarily a disease of the lung. Constant expression of cellular immunity in this
organ is required to control Mycobacterium tuberculosis growth, but this can also result in chronic
inflammation and pathologic consequences. During primary tuberculosis both IFN-γ and IL-17-
producing cells are induced; both are potent inflammatory cytokines capable of inducing
expression of chemokines that promote cell recruitment and granuloma organization throughout
infection. During the chronic phase, a balance between Th1 and Th17 responses needs to be
achieved to control bacterial growth and limit immunopathology, as a shift of the response
towards excessive IL-17 production may sustain extensive neutrophil recruitment and tissue
damage. Thus, regulation of Th1 and Th17 responses during tuberculosis is essential to promote
anti-mycobacterial immunity and prevent extensive immunopathological consequences.
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1. Introduction
Specialization of immune cells plays a central role in coordinating the immune response to
different categories of pathogens. This specialization is typically best seen in CD4 T cell
populations that produce discrete cytokines and display specific functions. For example, the
control of pathogens that reside in phagocytes requires IFN-γ secreting CD4 T cells to
activate the anti-microbial mechanisms of the phagocyte; these cells are generally referred to
as T helper (Th)1 in contrast with Th2 cells that produce IL-4, IL-5 and IL-13 and are
important in controlling extracellular helminthes [1]. Recently, a new Th cell population has
been identified and referred to as Th17. Th17 cells produce IL-17A (simply referred as
IL-17) [2,3], IL-17F [4], IL-21 [5] and IL-22 [6] as their signature cytokines.

As the IL-17 receptor (IL-17RA) is ubiquitously expressed in different organs, including
lung, liver and spleen, cells capable of responding to IL-17 include dendritic cells (DC) and
macrophages, lymphocytes, epithelial cells, keratinocytes and fibroblasts [7,8]. IL-17-
induced responses include the expression of proinflammatory genes such as G-CSF, CXC
chemokines, IL-6, IL-8 (MIP-2 in mice), antimicrobial proteins such as defensins and S100
proteins, granulopoiesis, neutrophil recruitment and inflammation [9]. Indeed, in infection
models, IL-17 and Th17 cells were first implicated in the protective immune response to
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rapidly growing extracellular bacteria in the lung and gut mucosal surfaces through efficient
induction of neutrophil recruitment and tissue repair [10-12].

As this is a relatively newly identified subset, we are still learning about the complexity of
Th17 cells and Th17-derived cytokines. Recent data suggests a broader and more complex
role for these cells and cytokines in different infections including intracellular bacteria, fungi
and virus at different mucosal surfaces [13]. Indeed, Th17 cells and Th17 derived cytokines
were shown to be key inducers of inflammation and tissue damage in animal models of
autoimmune diseases [14,15] and infection [13]. Therefore, the balance between Th17
mediated protection and pathology is key in defining the outcome of infections at the
mucosa. Understanding this fine balance is central in developing new and improved
preventive and therapeutic strategies.

The intracellular pathogen Mycobacterium tuberculosis (Mtb) causes the disease
tuberculosis (TB), which kills over two million people every year [16]. It is thought that Th1
cells are important in the control of Mtb proliferation [17-21] however, despite vaccines
having been developed to specifically potentiate this type of response none of these
strategies have improved upon BCG, the currently used vaccine [22]. In order to improve
BCG and generate more effective vaccination strategies, we need to more clearly understand
what the components of the protective immune response are, and how they are regulated.
The potential for IL-17 to mediate immune pathology as seen in autoimmune diseases and
infection models, suggests that IL-17 may have detrimental effect in chronic bacterial
infections such as TB. In order to spread and infect new hosts, Mtb is actually dependent on
effective immunity and generation of granulomatous responses. Specifically in susceptible
individuals, the granuloma develops to eventually become necrotic (caseating tubercles),
allowing bacilli to become extracellular and able to be expelled out of the lungs upon
coughing. How this pathological response is regulated is still not well understood, but a
balance between protective and damaging immunity needs to be achieved to allow control of
Mtb proliferation and reduce transmission and morbidity.

The capacity of Th17 cells, and their associated cytokines, to be important players in
combating infections and maintaining homeostasis of mucosal surfaces contrasts with their
ability to be involved in tissue destruction. It is therefore of critical importance to understand
their role both in the protective and in the damaging responses to Mtb infection. To help in
this regard we here discuss new advances in the understanding on the role of IL-17 and
Th17 derived cytokines in the host immune response to Mtb, with emphasis in the induction
and regulation of these responses and the mechanisms of protection and pathology
associated with IL-17 and Th17 cells.

2. Induction of IL-17 and Th17 responses in tuberculosis
Following deposition of Mtb in the lung, it is likely that DCs migrate to the draining lymph
nodes (dLN) where T cells are primed [23]. In the dLN, both IFN-γ and IL-17 producing T
cells are induced and these cells then migrate to the lung where they exert effector function.
Although we are still learning how mycobacteria stimulate innate immune receptors,
cytokines produced by Mtb-primed DCs are likely to be crucial for balanced acquired
cellular responses [23].

The development of Th17 cells is initiated by IL-6 or IL-21 in the presence of low amounts
of TGF-β [5,24-28]; IL-1β and TNF may also act as cofactors for Th17 differentiation
[29,30]. The combinatory signal of these cytokines in newly primed T cells induces the
expression of the orphan nuclear receptor RORγt via STAT-3. STAT-3 and RORγt induce
the expression of the receptor for IL-23 resulting in the subsequent signaling of this cytokine
which then stabilizes the Th17 phenotype [31]. While we have not studied the role of TGF-β
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or IL-6 in the generation of Th17 cell in TB, we know that IL-23 is required for this type of
response as mice deficient in IL-23p19 are unable to sustain Th17 responses and IL-17
mRNA expression throughout infection [32]. There is however an IL-17 response in the
absence of IL-12p40 in the dLNs, but not in the lung [33,34], showing that upon Mtb
infection, although IL-23 is not required for initial differentiation of IL-17-producing cells,
expression of this cytokine in the infected organs is required to sustain IL-17 responses. On
the other hand, development of Th1 responses is dependent upon IL-12p70 [35].

With the above set of criteria in mind it is clear that the relative levels of specific cytokines
produced by mycobacterial infected cells, both at the site of induction and at the site of
inflammation, are crucial for relative balance of Th1 and Th17 responses. In this regard the
initiation of acquired immune responses in TB has been studied mostly by analyzing
expression of IL-12p40 by antigen-presenting cells (APC) in response to Mtb. As this
molecule is shared by both IL-12p70 and IL-23, understanding the pathways that lead to
expression of IL-12p40, IL-12p70 and IL-23 are obviously important. One of the most
important criteria in the induction of these cytokines is the pattern recognition receptors
ligated on the APCs when they are exposed to the bacteria; Toll-Like receptors (TLR),
NOD-like receptors and C-type lectins have all been implicated in this response (Figure 1).

TLR are known important inducers of IL-12p40 [36] and following low dose Mtb infection,
TLR9 was shown to be required for IL-12p40 induction in vivo while both TLR2 and TLR9
could mediate IL-12p40 production by macrophages and DCs in response to live Mtb in
vitro [37]. Interestingly, while mice deficient in either TLR2 or TLR9 were not significantly
more susceptible to Mtb, mice lacking both molecules displayed markedly enhanced
susceptibility to low dose aerosol Mtb infection [37]. Upon high dose challenge however,
TLR9 deficiency was enough to increase susceptibility, suggesting that TLR2 alone is not
able to compensate when bacterial burden is high [37]. These data suggest that a crosstalk
between TLRs is critical to induce IL-12p40 expression and generate efficient acquired
immunity (Figure 1).

The intracellular NOD-like receptor NOD2/CARD15 has also been implicated in the
recognition of Mtb [38,39]. Indeed, Mycolylarabinogalactan-peptidoglycan, an Mtb cell wall
component, was shown to stimulate macrophages and DCs to release IL-12p40 in a partially
NOD2-dependent manner [39]. Although NOD2 deficient mice have similar bacterial
burdens in the early stages of infection [38,39], they have decreased inflammatory responses
[38]. At six months post-infection, NOD2 deficient mice have increased bacterial burdens
when compared with wild-type mice [38]. In humans, NOD2 variants were demonstrated to
be associated with susceptibility to TB in African American populations [40].

Another major receptor involved in IL-12p40 induction is the C-type lectin Dectin-1.
Although this receptor plays a major role in sensing fungal β-1,3 glucan linked
carbohydrates, it has been shown that Dectin-1 plays a major role in promoting IL-12p40
production by mycobacterial infected splenic DCs [41]. Indeed, while TLR2 deficiency
partially reduced IL-12p40 production, blockade of Dectin-1 in TLR2 deficient splenic
dendritic cells further reduces IL-12p40 production suggesting cooperation between these
receptors in IL-12p40 induction [41] (figure 1).

Collectively, these studies show that Mtb induces IL-12p40 expression through signals
received upon ligation of different pathogen recognition receptors (Figure 1). During the
course of infection, the balance in the secretion of bioactive IL-12p70 and IL-23 is achieved
by the relative expression of IL-23p19 and IL-12p35 subunits to form the heterodimeric
cytokines. The expression of these subunits is not so well understood during TB, but it is
likely that besides pathogen recognition receptors signaling, further cytokine signaling in the
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cytokine-producing cell is important. A recent analysis of the response of human DCs to
Mtb showed that IL-23 was preferentially produced, likely in a TLR2 dependent manner,
compared to IL-12p70 in the absence of IFN-γ signaling. Following IFN-γ activation, Mtb
stimulated DCs secreted both IL-12 and IL-23 [30] (figure 1). These data suggest that before
IFN-γ expression, the preferential T cell effector type is an IL-17 producer, but later during
infection both IFN-γ and IL-17 are induced.

The use of defined adjuvants that target pathogen recognition receptors on APCs to induce
specific subsets of cells is essential to induce specific cellular responses by vaccination. In
this respect, complete Freund’s adjuvant (CFA) has been used for a long time in research as
it is a potent inducer of cell-mediated inflammatory responses. Since heat killed Mtb is a
major component of CFA, understanding how specific elements of this adjuvant target cells
and stimulate inflammation will help in adjuvant design. Recent exciting work has defined
the pathway by which one of the major components of Mtb cell wall, Trehalose-6,6′-
dimycolate (TDM; Cord factor) induces cell-mediated inflammatory responses [42-44].
These results showed that the C-type lectin Mincle is central for TDM to induce
inflammatory responses and both Th1 and Th17 acquired immunity [42,43]. Indeed,
Trehalose-6,6-dibehenate (a synthetic analogue of TDM) and TDM stimulation of
macrophages were shown to induce IL-12p40, IL-12p70, IL-23, IL-1β, IL-6 and TNF
production in a MyD88-independent way but dependent on Mincle signaling through Syk-
FcRγ-CARD9 [42-44]. Interestingly, it has been suggested that T cells can also respond to
TDM as Mincle is expressed in T cells upon activation [42]. It is possible that direct T cell
recognition of TDM induces production of cytokines such as IFN-γ, IL-17 or IL-1β. In line
with this, it has been shown that direct T cell stimulation through TLR2 promotes Th17
differentiation in vitro and more robust Th17 cytokine production [45].

Together, these data show that Mtb is recognized by distinct host receptors and is able to
induce both Th1 and Th17 differentiating cytokines. While signaling through diverse
pathogen recognition receptors promotes IL-12p70 and IL-23, further cytokine signaling
balances this production. Understanding how these signals act on immune cells is central to
developing defined adjuvants that promote specific responses. It is also important to further
understand what comprises protective immunity and how is this immunity regulated.

3. The protective immune response to primary Mycobacterium tuberculosis
infection: do IL-17 and Th17 derived cytokines play a role?

As discussed above, early studies using respiratory infection models, established a central
role for IL-17 in the protective immune response to rapidly growing extracellular bacterial
pathogens, mediated by efficient neutrophil recruitment and tissue repair [10-12]. In
intracellular bacterial infections however, the role of IL-17 is not so well understood. Recent
studies suggest that IL-17 enhances immunity against some intracellular pathogens; however
the effect is not as dramatic as for extracellular bacterial infections. For example, IL-17
deficient mice have increased bacterial burdens in the spleen and liver following infection
with a sublethal dose of Salmonella enterica [46]. Similarly, after Listeria monocytogenes
infection, increased bacterial burdens and defective granuloma organization are observed in
the liver [47]. In both models defective neutrophil recruitment was associated with the
enhanced susceptibility of IL-17 deficient mice [46,47]. Whether this is the only mechanism
of by which IL-17 enhances immunity to these pathogens is still not known.

As human studies are naturally restricted, we can more thoroughly investigate the role of
IL-17 and Th17-derived cytokines in the mouse model, as their function may be dependent
on the stage of infection or the bacterial burden. Indeed, while the absence of IL-23 or IL-17
signaling does not significantly impact the ability of mice to control Mtb following a low
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dose aerosol infection [32,48], after high dose intratracheal infection, mice deficient in IL-17
are unable to control Mtb [49]. The γδ T cell population is a major source of early IL-17
during mycobacterial infections [50,51], specially upon high dose infection [47]. Indeed,
upon intratracheal delivery of BCG, IL-17 mRNA was detected in the lungs of infected
animals as early as one day after infection [51] and γδ T cells expressing the Vγ4 or Vγ6
TCR chains were identified as the primary source of IL-17 [47]. Following low dose aerosol
infection with Mtb, γδ T cells are also an important source of IL-17 [50] and this response is
mostly antigen-independent but dependent upon IL-23, as supernatants from Mtb-infected
DCs that contain IL-23 could induce IL-17 secretion from γδ T cells purified from both
naïve and Mtb infected mice [50]. In line with these data, γδ T cells were reported to
produce IL-17, IL-21 and IL-22 in response to IL-1β and IL-23 without TCR engagement
and act in an amplifying loop for IL-17 production by Th17 cells [52]. It is likely that also
during TB, γδ T-cell-derived IL-17 act to amplify IL-17 production by Th7 cells.

Together these data suggest that γδ T cells are an important early source of IL-17 during
mycobacterial infections. Further studies are required to address the impact of the bacterial
dose and route of infection in the induction of IL-17 by γδ T cells and the subsequent role of
these cells and cytokine role in expression of protective and immunopathologic
consequences in TB.

As IL-17 is mostly associated with induction of proinflammatory programs associated with
chemokine secretion and neutrophil recruitment, it is not surprising that absence of this
cytokine does not significantly impact the ability of mice to control Mtb, which requires
accumulation of mononuclear cells. However, the presence of this cytokine may facilitate
recruitment of protective cells and organization of cellular foci in the lung. In this respect,
following Mtb infection, the early recruitment of neutrophils to Mtb lungs is associated with
early granuloma formation [53]. In addition, neutrophils and macrophages cooperate for
efficient mycobacterial killing [54] (Figure 2).

Both IL-23 and IL-17 can affect neutrophil homeostasis and survival [55,56]. In the absence
of IL-17, neutrophils are found in reduced numbers after BCG infection [51] or when IL-17
is neutralized following aerosol Mtb infection [57]. Promoting neutrophil recruitment and
survival is probably one of the mechanisms by which the IL-23/Th17 axis promotes
granuloma integrity independently of the protective response (figure 2). Indeed, during the
acute phase of infection, neutrophils and macrophages are the predominant hematopoietic
cell types followed by a decrease in the number of neutrophils during the chronic phase [58].
Neutralization of neutrophils during Mtb infection was shown to delay granuloma formation
in mice with no influence on bacterial loads [53]. Neutrophil-mediated regulation of
granuloma formation was shown to be in part dependent on chemokines signaling through
CXCR3, in particular CXCL9 as neutrophil neutralization ablated expression of this
chemokine [53]. In accordance, neutrophils were the main source of CXCL9 early after
infection and antibody blockade of this chemokine resulted in the same deficient granuloma
development as neutrophil neutralization [53].

As discussed above, γδ T cells are an important source of IL-17 upon high dose intratracheal
BCG infection and low dose Mtb aerosol infection. In the BCG model, both IL-17 and γδ T
cell deficient mice show delayed granuloma formation, suggesting that γδ T cell-derived
IL-17 is essential for initial granuloma organization, probably by promoting early neutrophil
recruitment (figure 2). However, unlike in the BCG model, low dose aerosol Mtb infected γδ
T cell deficient mice display enhanced cellular foci with elevated accumulation of
neutrophils [53,59]. Antibody neutralization of neutrophils in these mice reduces this
exacerbated accumulation of cells [53] further supporting the hypothesis that neutrophil
accumulation promotes granuloma formation in the presence or absence of γδ T cells. Taken
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together, these data suggest a differential role for IL-17 producing γδ T cells in the low dose
aerosol Mtb infection model versus the high dose intratracheal BCG model. Although initial
cellular foci organization seem to be promoted by early neutrophil migration further
research is required to understand the role of γδ T cells in this process.

Another potential mechanism of protection mediated by IL-17 against intracellular
infections was recently identified [8]. Upon Francisella tularensis infection, the IL-23/Th17
axis was shown to enhance protection by promoting IL-12 secretion by DCs, therefore
enhancing Th1 responses [8]. This effect was shown to be directly mediated by IL-17
signaling, as culture of F. tularensis-stimulated DCs in the presence of IL-17, but not IL-17F
or IL-22, induced a 10 fold increase in IL-12 levels. Moreover, differentiation of naïve cells
by F. tularensis-stimulated DCs into IFN-γ producing cells was more efficient when IL-17
was added to the culture as compared to stimulated DCs alone [8]. Altogether, these data
show a novel role for IL-17 in intracellular infections. This novel IL-17 function is yet to be
examined in TB however, since Mtb is known to induce a strong IL-12 response [60] IL-17
may be dispensable. Therefore, it is not surprising the observation that IL-17RA deficient
mice are not more susceptible to low aerosol infection [48]. Following high dose infection
however, as IL-17 deficient are more susceptible to Mtb [49], it is possible that IL-17 may
act to enhance the protective immune response by augmenting IL-12 secretion (Figure 2).

It has been shown that neutralization of neutrophils during the first week following Mtb
intravenous infection enhances the susceptibility of mice, as a consequence of reduced
expression of IFN-γ in the infected organs [61]. When recombinant IL-12 was administered
a reduction in the exacerbation of infection was observed in the livers of neutropenic mice
[61], suggesting that the reduced IFN-γ expression was caused by a reduced IL-12
production. As neutrophil recruitment can be promoted by IL-17, it is possible that early
accumulation of neutrophils can also stimulate the differentiation of Th1 responses by
promoting release of IL-12. Indeed, proteins released by neutrophil degranulation have been
shown to promote IL-12 secretion by macrophages [62].

Further complexity in the role to IL-17 and Th17 responses in TB may be associated with
the Th17 related cytokine IL-22. IL-22 acts through the IL-22 receptor complex expressed
by epithelial cells and hepatocytes, where it promotes regeneration and protects against
tissue damage [63,64]. In vivo and in vitro differentiation of Th17 cells leads to the
development of cells expressing only IL-17, IL-22 and cells that coexpress both cytokines
[6], suggesting that IL-22 production is not restricted to Th17 cells but most likely induced
by Th17 differentiation factors. Indeed, in healthy humans exposed to mycobacteria, IL-22-
expressing CD4 T cells were reported as being distinct from Th17 and Th1 cells [65].
Interestingly, while IL-17 protein was not found in BAL fluid of TB patients, IL-22 was
present [65], suggesting that IL-17 and IL-22 may have distinct roles in TB infection and
disease. In a recent study in the TB mouse model, neutralization of IL-22 did not have any
effect in the lung bacterial burden [66]. As IL-17 and IL-22 may be produced and act
independently of each other, their redundancy needs to be determined, since the absence of
one may be compensated by the other.

The data are equivocal with regard to whether IL-17 is required for protection against Mtb;
in some hands it is required for control of bacteria and in others it is not; it is likely however
that dose and route of infection are key in this issue. It is also important however to
determine whether IL-17 plays a role in granuloma organization by promoting early
neutrophil recruitment. More studies are required to further dissect the pathways by which
IL-17 and Th17 related cytokines act to enhance cellular immune responses and cellular foci
organization (Figure 2).
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4. Role of IL-17 in tuberculosis mediated immunopathology
Regulation of immunopathology during chronic Mtb infection is essential for host survival.
As immunopathology is a central feature of Mtb lung infection, it is not surprising that IL-17
and Th17 cells have a role to play. Importantly, this role also seems to be mediated, at least
in part, by neutrophils (Figure 2).

As discussed earlier, neutrophil recruitment and survival may be one of the mechanisms by
which IL-17 promotes granuloma organization. However, this response needs regulation
since the accumulation of large numbers of neutrophils in the lung is generally associated
with a bad prognosis and increased lung pathology. Indeed, neutrophil accumulation is
common in genetically susceptible mice [67,68]. In humans, it has been shown that
neutrophils are the predominant infected cell types in active TB patients, suggesting that
these cells provide a permissive environment for bacillary replication [69]. Interestingly, it
was recently shown that a transcriptional signature in blood neutrophils, indicating
activation of these cells with type I IFN-αβ and IFN-γ is present in patients with active as
opposed to latent TB [70]. These data implicate the phenotype of neutrophils in the
pathogenesis of TB. In line with these data it has also been shown that, exposure of
neutrophils to IL-17 or IL-23 can change the homeostasis and phenotype of these cells
making them more prone to cause immunopathology [56]. In other words, IL-17 may have
beneficial effects early on, by recruiting neutrophils and promote secretion of tissue-specific
homing chemokines, but extensive exposure of neutrophils to IL-17 or IL-23 can make these
cells survive longer, change their phenotype and cause immunopathology (Figure 2).

The discrimination between protective and damaging immune responses during TB is
extremely important for rational vaccine design. As BCG vaccination has variable efficacy
[71] and lasts for a limited amount of time [72,73], revaccination with BCG or modified
BCG strains, DNA vaccines or sub-unit vaccines are some potential strategies. We have
recently shown that repetitive subcutaneous BCG vaccination in Mtb-infected mice results
in an enhanced IL-17 response when compared to control mice. With the increase in IL-17
producing cells, elevated expression of the proinflammatory cytokines TNF, IL-6, and
MIP-2 also occurred concurrently with an enhanced influx of neutrophils to the lungs [74].
Importantly, this response is highly pathological causing extensive tissue damage without
changing the protective immune response. The enhanced accumulation of IL-17-producing
cells in the lung is not a result of differentiation of these cells in the dLN, but it is likely
dependent on IL-23 expression locally and IL-23p19 deficient mice or IL-17 antibody
blockade in this mode, prevented neutrophil accumulation and the increased pathology [74]
(Figure 2). Interestingly, as the number of IFN-γ producing cell was not affected by
repetitive BCG vaccinations in the lungs, it appears that the IL-17 response became
refractory to regulation by the IFN-γ response [74]. This is surprising, as IFN-γ responses
can regulate IL-17 responses following BCG infection [75].

These data show that re-exposure of Mtb-infected mice to high antigen challenge, promotes
further expansion of an ongoing Th17 response which causes extensive lung pathology
associated with elevated recruitment of neutrophils. Importantly, this enhanced Th17
response is supported locally by elevated expression of IL-23 and does not affect the
protective immune response (Figure 2).

In line with these observations, it was recently demonstrated that IFN-γ signaling by lung
stromal cells is critical to regulate immunopathology following Mtb aerosol infection [76].
In this study, chimeric mice with IFN-γ-unresponsive lung stromal cells exhibit early
mortality and increased Mtb bacterial burdens when compared with control mice. This
response was caused by impaired expression of Indoleamine 2,3-dioxygenase (IDO) by lung
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epithelial and endothelial cells, overexpression of IL-17 and enhanced neutrophilic
infiltration in the lungs [76]. Also here, the enhanced IL-17 response was associated with an
elevated expression of IL-23 as well as IL-6 and TGF-β in the lungs of infected animals
[76]. Importantly, impaired IDO expression causing a reduced catabolism of tryptophan into
kynurenines was shown to be the mechanism behind the unrestrained IL-17 response.
Indeed, tryptophan catabolic products inhibited IL-23 dependent IL-17-production by in
vitro differentiated Th17 cells. Although inhibition of IFN-γ by tryptophan catabolites in
CD4 T cells during Th1 differentiation was also observed, the concentrations required were
substantially higher than those required for Th17 inhibition [76]. In addition to reduced IDO
expression, it is possible that in this model the increased antigen availability due to elevated
bacterial burdens in chimeric mice may also contribute to the elevated IL-23 expression and
therefore, both reduced IDO and the elevated IL-23 expression could contribute to the
enhanced IL-17 response.

Overall these data show that, as for the nonpathogenic IL-17 response to mycobacterial
infection, IL-23 expression in the infection site is critical for maintenance of pathogenic
IL-17 responses. Moreover, repetitive antigen stimulation of IL-17 producing cell and
elevated expression of IL-23 at the site of infection further expands this population and
shifts the balance of the response towards an elevated IL-17 production, extensive numbers
of neutrophils infiltrate the lungs and cause tissue damage. Therefore, regulation of these
responses is key for host survival. In this respect, IFN-γ appears to be a key regulator of
IL-17 responses in mycobacterial infections, both directly in the differentiation of IL-17
producing cells [75] and indirectly by inducing release of tryptophan catabolic products
through IDO activation by epithelial and endothelial cells [76].

While IL-23 expression at the site of infection is important for survival of IL-17 producing
cells, another member of the IL-12 family, IL-27, has been shown to inhibit this type of
response. Indeed, IL-27 signaling was shown to be an important inhibitory cytokine for
Th17 differentiation and limits inflammation of autoimmune [77,78] and infectious origin
[79]. Although the role of this cytokine is still not well understood in TB, two different
studies have shown that IL-27R signaling has detrimental effects for the control of Mtb in
the mouse model [80,81]. Indeed, IL-27R deficient mice have lower Mtb bacterial burdens
in comparison to wild-type mice however, this deficiency is associated with decreased
survival and enhanced granulomatous responses [81]. Whether this is caused by an enhanced
IL-17 response remains to be answered. Besides regulating IL-17/Th17 type of responses,
IL-27 has been shown to induce IL-10 production from activated CD4 T cells [82]. IL-10
deficient mice were recently shown to have an elevated production of chemokines and
cytokines including IL-17, an accelerated and enhanced accumulation of IFN-γ producing
cells in the lung and are more resistant to Mtb infection. Although antibody neutralization of
IL-17 does not significantly affect the accumulation of IFN-γ producing T cells in the lungs,
it reduces the numbers of neutrophils and bacterial loads in the spleen of Mtb-infected mice
[57].

These data suggest a role for IL-10 in the regulation of IL-17 responses to TB as it has been
shown in other infection models [83]. In addition, IL-27 inhibition of Th17 differentiation as
well as by inducing IL-10 production by activated CD4 T cells may function to suppress
excessive T cell activation. Therefore, both IL-27 and IL-10 can serve as a counter-
regulatory cytokines to prevent extensive immunopathology by keeping cellular responses in
check.
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5. Cellular regulation of IL-17 dependent immunopathology in tuberculosis
As discussed, TGF-β is a central cytokine in the differentiation of Th17 cells; however this
cytokine also acts in the differentiation of Foxp3-expressing Treg cells [84]. It has been
shown that foxp3-expressing Treg cells expand during experimental Mtb infection and upon
deletion Mtb bacterial burdens decrease [85]. In humans, there are more Treg cells in active
TB patients than patients with latent infection [86] or in healthy tuberculin responders [87].
Overall these data suggest a largely negative role for Treg cells in TB; however their
presence in the infected organs may be important for balancing protective and damaging
immune responses.

As both Th17 and Treg cells are present during Mtb infection it is important to understand
what regulates the relative levels of each population. TGF-β induces expression of foxp3 but
further signaling by STAT3-activating cytokines such as IL-6 promotes Th17 differentiation
[24,25,84]. As Mtb induces early secretion of both IL-6 and IL-23, Th17 development is
promoted, while Treg cells expand from a population of preexisting foxp3-expressing cells
[88]. It is still not clear what factors promote expansion of Treg cells during TB; however,
the relative levels of RORγt and foxp3 expression as determined by the amount of TGF-β
and STAT3 signaling cytokines will certainly be important for the relative levels of Th17
and Treg cells. Therefore, during inflammatory responses where IL-23 and IL-6 are highly
expressed, Treg cells may not expand efficiently and inflammation may develop without
regulation. Further research is required to clarify this subject. In addition, recent data
suggest an increased plasticity in Treg cells and Th17 cell; indeed, Treg cells can convert
into IL-17 producers by pathogen components or inflammatory mediators, such as IL-6 [89].
Treg conversion into IL-17 producers is yet to be analyzed in TB, but it may be of
paramount importance in the regulation of inflammation and control of bacillary growth, as
it is possible that sustained expression of IL-6 and IL-23 in the lungs of infected animals
promote conversion of Treg cells into IL-17 producers (figure 2).

Recent data link the transcription factor T-bet, important in Th1 differentiation, with the
function of Treg cells during Mtb infection and in the absence of this transcription factor
Treg cells fail to persist [90]. It is interesting that T-bet deficient mice, although more
susceptible to Mtb when compared to wild-type mice, do not succumb to infection with the
same kinetics as IFN-γ deficient mice [91] probably because T cells from Mtb infected T-bet
deficient mice retain some capacity to produce IFN-γ following in vitro stimulation [91]. As
Mtb is a strong inducer of type 1 immunity as well as IL-17-producing cells, it is possible
that the absence of T-bet shifts the response to IL-17 production. Indeed, T-bet deficient
mice infected with Mtb have severe inflammation as might be expected of an environment
with high IL-17-producing cells [91]. Similarly, in Trypanosoma cruzi infection it has been
shown that T-bet deficient CD4 T cells develop normally and produce similar levels of IFN-
γ as wild-type cells however, a robust IL-17 response develops [92]. Thus,
microenvironmental factors may impair T-bet expression on a per cell basis, not
significantly limiting IFN-γ production per cell but enough to impact T-bet inhibition of
RORγt and production of IL-17. It will be interesting to determine whether T-bet expression
levels have any effect in IL-17 production by IFN-γ-producing cells upon Mtb infection, and
to what extent these cells are relevant to control infection or to cause immunopathological
consequences. In this respect, IL-27 has been shown to induce T-bet expression in CD4 T
cells [93] and IL-27R have decreased survival and enhanced inflammation when compared
to wild-type mice [80]. It will be intriguing to determine whether this is caused by lower T-
bet expression and to what extent does this affect differentiation of IL-17-producing cells.
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6. Conclusion
TB remains one of the leading causes of death from a single infectious agent worldwide. In
order to generate better vaccination strategies we need to further define the protective and
pathological mechanisms of the immune response to Mtb. While the IL-23/IL-17 axis does
not seem to be essential for primary control of Mtb, recent data suggests a critical role of
this axis in vaccine induced protection. In part, this effect is mediated by the release of
chemokine gradients that recruit protective cells to the infection foci. However, there is a
down side to this effect. Excessive production of IL-23 and IL-17 causes immunopathology
due to excessive recruitment and phenotypic change of inflammatory cells. In this respect,
the fine balance between Th1 and Th17 responses is central in defining the outcome of Mtb
infection. It is therefore critical to further elucidate the mechanisms of protection and
pathology associated with Th17 and IL-17-producing cells and use that knowledge in our
advantage to generate rational vaccination strategies that promote balanced acquired
responses with minimal collateral damage.
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Figure 1.
Proposed model for Th1 and Th17 differentiation during TB. Upon Mtb recognition through
distinct PRRs, inflammatory cytokines and IL-12p40 are expressed. In the early phases of
infection IL-23 is preferentially produced which promotes innate sources of IL-17 and
possibly IL-22 secretion. As the infection progress, innate cells produce IFN-γ which
enhances IL-12p35 expression and balances IL-12p70 and IL-23 production. IL-12p70
signaling on primed T cells leads to Th1 differentiation whereas TGF-β, IL-6 and IL-23
induce Th17 differentiation. IL-27 is also induced during infection and acts on T cells to
enhance T-bet expression and IFN-γ production. IL-27 and IFN-γ inhibit Th17 development
whereas IL-10 induced dependently and independently of IL-27 regulates both IFN-γ and
IL-17 responses.
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Figure 2.
IL-17 and Th17 cells play roles throughout Mtb infection. (A) During the initial stages of
infection IL-17, likely produced by innate cells, acts on hematopoietic and nonhematopoietic
cells promoting secretion of antimicrobial peptides, G-CSF and CXC chemokines. As DCs
migrate to the lymph node, both Th1 and Th17 cell are differentiated. (B) Chemokine
gradients in the infected lung promote recruitment of protective cells and a mononuclear
granuloma is formed. (C) In settings where IL-23 and IL-6 are highly expressed IL-17-
producing cells accumulate in high numbers in the lung and immunopathological
consequences develop.

Torrado and Cooper Page 18

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


