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Abstract
Mycobacterium tuberculosis is a virulent intracellular pathogen that survives in macrophages even
in the presence of an intact adaptive immune response. Type I interferons (IFN) have been shown
to exacerbate tuberculosis in mice and to be associated with disease progression in infected
humans. Nevertheless, the mechanisms by which type I IFN regulate the host response to M.
tuberculosis infection are poorly understood. In this study, we show that M. tuberculosis induces
an IFN-related gene expression signature in infected primary human macrophages, which is
dependent on host type I IFN signaling as well as the mycobacterial virulence factor, Region of
Difference 1. We further demonstrate that type I IFN selectively limits the production of IL-1β, a
critical mediator of immunity to M. tuberculosis. This regulation occurs at the level of IL1B
mRNA expression, rather than caspase-1 activation or autocrine IL-1 amplification and appears to
be preferentially utilized by virulent mycobacteria since avirulent M. bovis bacillus Calmette-
Guerin (BCG) fails to trigger significant expression of type I IFN or release of mature IL-1β
protein. The latter property is associated with decreased caspase-1-dependent IL-1β maturation in
the BCG-infected macrophages. Interestingly, human monocytes in contrast to macrophages
produce comparable levels of IL-1β in response to either M. tuberculosis or BCG. Together, these
findings demonstrate that virulent and avirulent mycobacteria employ distinct pathways for
regulating IL-1β production in human macrophages and reveal that in the case of M. tuberculosis
infection the induction of type I IFN is a major mechanism utilized for this purpose.
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Introduction
Mycobacterium tuberculosis is a highly virulent pathogen that infects approximately one
third of the world's population and is responsible for almost 2 million deaths annually. M.
tuberculosis establishes a life-long persistent infection in the majority of infected individuals
despite the development of an ongoing immune response. It has been proposed that the
organism does so by subverting innate defense programs in macrophages that typically
eliminate invading microbes (1, 2). However, the mechanisms by which virulent
mycobacteria manipulate host innate signaling pathways are not fully understood.

Studies in mice have revealed that a significant proportion of the transcriptional response to
M. tuberculosis in vivo and in macrophages in vitro is MyD88 independent but type I IFN
signaling dependent (3–5). The mechanisms of host-pathogen interaction that regulate M.
tuberculosis-induced type I IFN have yet to be defined. However, studies on Listeria
monocytogenes and Francisella tularensis infections have suggested that type I IFN
induction requires the recognition of bacterial products in the host cell cytosol (6). A
mycobacterial secretion system, ESX1, has been suggested to play a key role in
mycobacterial virulence by facilitating the secretion of M. tuberculosis products into the
host cytoplasm (7, 8). ESX1 is partially encoded by the Region of Difference 1 (RD1), a
gene locus in the M. tuberculosis genome that is deleted in all strains of M. bovis bacillus
Calmette-Guerin (BCG) vaccines (9). Importantly, ESX1 has been implicated in type I IFN
induction as well as activation of the inflammasome, a cytosolic protein complex that
cleaves pro-IL-1β into its mature bioactive form, in virulent mycobacteria-infected
macrophages (4, 10–13).

The IL-1 and type I IFN signaling pathways play opposite roles in host resistance to M.
tuberculosis. Mice deficient in IL-1R or IL-1β show increased susceptibility to the pathogen
(14, 15), suggesting that the cytokine signaling is essential for the host control of the
infection. Interestingly, a recent study has shown that a M. tuberculosis Zn2+

metalloprotease, Rv0198c (zmp1), required for full virulence of the pathogen in mice,
suppresses IL-1β processing by inhibiting inflammasome activation in murine macrophages
(16). This observation has led to the hypothesis that mycobacteria regulate IL-1β maturation
as part of their survival strategy in macrophages (17). In contrast to IL-1β, type I IFN have
been shown to promote infection by M. tuberculosis in mice. Thus, virulent clinical isolates
of M. tuberculosis induce high levels of type I IFN in vivo and in most studies mice deficient
in type I IFN signaling display significantly reduced bacterial loads following infection (18–
20). Similarly, intranasal administration of Poly:IC, a type I IFN-inducing agent, exacerbates
pulmonary TB in wild-type but not IFN-αβ receptor deficient mice (21).

The role of type I IFN in the regulation of human MTB infection is poorly understood.
Nevertheless, a recent clinical study revealed that IFN-inducible genes are highly expressed
in the leukocytes of active but not latent TB patients (22), strongly arguing for a contributing
role of type I IFN in TB progression in humans. Previous in vitro studies have also shown
that M. tuberculosis infection significantly up-regulates the expression of a number of type I
IFN-inducible genes (23, 24). We report here that this induction of a type I IFN signature in
human macrophages is a property of live virulent mycobacteria and is not triggered by either
BCG or an RD1-deficient M. tuberculosis mutant. In addition, we report that IL-1β, also
preferentially induced by virulent M. tuberculosis, is negatively regulated by type I IFN.
These findings demonstrate a functional intersection between type I IFN and IL-1β signaling
in M. tuberculosis-infected human macrophages.
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Materials and Methods
Cell cultures and infection

Peripheral blood-derived monocytes were isolated from healthy donors by counter-flow
centrifugal elutriation under protocols approved by the institutional review boards of both
the National Institute of Allergy and Infectious Diseases and the Department of Transfusion
Medicine of the National Institutes of Health for these studies after appropriate informed
consent. Monocytes were differentiated as previously described (23), briefly, cells were
cultured in antibiotic-free RPMI 1640 medium containing 10% fetal calf serum, 2mM
glutamate, 50μM 2-mercaptoethanol, and 10mM HEPES buffer in 24 well plates (Corning)
at a density of 1×106 cells/ml for 7 days. Recombinant human M-CSF (10 ng/ml,
PeproTech) was added on days 0, 2, and 4. For differentiation of THP-1 cells, the cell line
(1×106 cells / well) was stimulated with PMA (10 ng/ml) in 24 well plates for 2 days. The
cells were then rested in fresh complete medium for 24 hours before infection.

For stimulation with mycobacteria, differentiated macrophages were exposed to live BCG or
RD1 mutant (gift from Dr. S. Derrick, FDA) or WT M. tuberculosis H37Rv at an MOI of 5,
or with irradiated M. tuberculosis at 50μg/ml. In some experiments, a mouse monoclonal
antibody to human IFN-αβ receptor-2 (10 μg/ml) was included. Recombinant human IFN-β
or IFN-γ were purchased from PeproTech and IL-27 were obtained from R&D Systems. All
cytokines were used at a final concentration of 10 ng/ml. In some experiments, IL-27R/Fc
(2μg/ml, R&D Systems) and Anakinra (30 μg/ml, Amgen) were added to the cultures.

Measurement of gene expression
Total RNA was isolated using the RNAeasy mini kit (Qiagen, Valencia, CA) and residual
DNA was digested using RNAse-free DNAse (Quagen). The individual RNA samples were
reversely transcribed using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA).
Unless otherwise indicated, gene expression was measured using a previously described
SYBR Green-based real-time quantitative PCR (25) in which 18S mRNA was used as the
housekeeping gene. The oligonucleotide primers used were: 18S: F-
CACGGCCGGTACAGTGAAAC and R-CCCGTCGGCATGTATTAGCT; IL-1β: F-
TTCTTCGACACATGGGATAACG and R-TGGAGAACACCACTTGTTGCT; IL-6: 5′-
TAATGGGCATTCCTTCTTCT-3′ and 5′-TGTCCTAACGCTCATACTTTT-3′; TNF: F-
CAGCCTCTTCTCCTTCCTGAT and R-GCCAGAGGGCTGATTAGAGA; CXCL10: F-
ATTTGCTGCCTTATCTTTCTG and R-TCTCACCCTTCTTTTTCATTGTAG; IFN-β F-
AGC AGT TCC AGA AGG AGG AC and R-TGA TAG ACA TTA GCC AGG AGG TT;
IL-1RI: 5′-AGCTGGCTGGGTGGTTCAT-3′ and 5′-
CGATTCTGGCATTTTCTCATAGTC-3′; I L-1 R I I: 5′-
GGGGGAAATGATCACAGGAATGGT-3′ and 5′-
CCCATGAAGGCCAGCAATACAACA-3′; IL-1RACP: 5′-
CCTCTCGGGGCAACATCAAC-3′ and 5′-GACCGCCTGGGACTTTTCTTC-3′; and
IL-1Ra: F-GGA AGA TGT GCC TGT CCT GT AND R-TCT CGC TCA GGT CAG TGA
TG.

Analysis of expression of the twelve subtypes of IFN-a in M. tuberculosis-infected
macrophages was performed using a Taqman-based PCR with either molecular beacons or
locked nucleic acid probes that enhanced specificity for each subtype (V.P. Mane et al,
submitted for publication). Data were analyzed with SDS Software (Version 2.3, Applied
Biosystems) and Ct values were exported to a spreadsheet (Microsoft Excel, Redmond, WA)
to calculate both standard curves and fold-change in IFN expression relative to the house
keep gene 18S (ΔCt). Standard curves and RNA input amount were used to solve for IFN
copy number per μg of RNA.
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The nCounter Analysis System (NanoString Technologies) was used to screen for the
expression of signature genes associated with NF-kB and IFN signaling pathways as
previously described (26). Two specific probes (capture and reporter) for each gene of
interest were employed. Briefly, five μl of cell lysate (2000 cells/μl in RLT buffer, Qiagen)
were hybridized with customized Reporter CodeSet and Capture ProbeSet according to
manufacturer's instructions for direct labeling of mRNAs of interest with molecular barcodes
without the use of reverse transcription or amplification. The hybridized samples were then
recovered in the NanoString Prep Station and the mRNA molecules counted with the
NanoString nCounter. For analysis of expression, raw counts (+1) were transformed to log
base 2 and each sample profile median-normalized to the RPS18 internal control
(“housekeeping gene”). A mixed effects ANOVA model was used to calculate expression
differences including the blood donor subject as a random effect, comparable to a paired t-
test (JMP/Genomics software, SAS software, Cary, NC). Statistical significance was
calculated using a False Discovery Rate adjustment of the raw p-value (27).

Cytokine measurement and immunoblotting
Tissue culture supernatants was screened using a commercial multiplex ELISA assay for
human IL-1α, IL-1β, IL-6, IL-8, IL-10, IL-12(p70), IL-23, TNF and CXCL10 (Quansys
Biosciences). Commercially available ELISA kits (R&D Systems) were also used to
determine the concentrations of IL-1β in culture supernatants.

For immunoblotting, supernatants were precipitated with methanol/chloroform and the
resulting protein pellet was resuspended in reducing sample buffer (Thermo Fisher).). Cells
were lysed using cell lysis buffer (Cell Signaling Technology) supplemented with a protease
inhibitor cocktail (Calbiochem) and PMSF (Sigma). The samples were next separated by
SDS-PAGE on a 12% polyacrylamide gel and then transferred onto a PVDF membrane. The
membranes were than sequentially probed with polyclonal antibodies for caspase-1 (Cell
Signaling Technology) or IL-1β (R&D System or Cell Signaling Technology).

Statistics
Wilcoxon ranked sum test was used in experiments involving pairwise comparisons. P <
0.05 was considered statistically significant.

Results
Virulent M. tuberculosis induces a subset of type I IFN in human macrophages

We first determined whether M. tuberculosis triggers IFNB mRNA expression in human
macrophages at 4 and/or 24 hr post-infection using a SYBR™ Green-based quantitative
PCR assay and found that the gene expression was significantly elevated in infected primary
human macrophages (Fig. 1A) and THP-1 cells (Fig. 1B). As expected, the induction of
IFNB was closely correlated with the expression of the IFN-inducible gene CXCL10 in M.
tuberculosis-infected primary macrophages (Fig. 1C) and THP-1 cells (Fig. 1D). In addition
to IFN-β, there are 12 closely related IFN-α sub-types in the human type I IFN family (28).
To profile the sub-types of IFN-α induced by M. tuberculosis in infected macrophages, we
next quantified the copy number of IFN-β and IFN-α family members using a TaqMan™
based PCR at 24 hr post-infection (Fig. 1E and F). This independent assay confirmed the
induction of IFNB expression and further revealed that among all IFN-α sub-types
examined, only IFNA1 is specifically up-regulated by M. tuberculosis, suggesting a
restricted IFN-α sub-type usage in M. tuberculosis-infected human macrophages.
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Regulation of M. tuberculosis-induced cytokine expression in human macrophages by
type I IFN

To identify innate inflammatory cytokine(s) that are regulated by type I IFN signaling, we
treated M. tuberculosis-infected macrophages with a mouse monoclonal antibody specific
for IFN-α/β receptor 2 (IFNABR2) thereby blocking signaling of all members of the type I
IFN family. We then analyzed the effect of the signaling blockade on the expression of 64
genes that are known to be critical in mediating NF-κB- or IFN-dependent cellular responses
to microbial stimulation using a novel nCounter Analysis System. We found that M.
tuberculosis strongly induced both NF-κB- and IFN-related genes (Fig. 2A left panel).
Importantly, the expression of IFN-inducible genes such as IFIT1, IFIT2, MX1, MX2 and
IL27 was significantly reduced in the presence of the mAb to IFNABR2 (Fig. 2A, right
panel), thus establishing that the induction of IFN-related genes in M. tuberculosis infected
macrophages is dependent on endogenously produced type I IFN. In addition, we observed
that blocking type I IFN signaling led to increased expression in a small group of genes (Fig
2A, right panel). Among these, IL1B and IL1A were the most highly up-regulated.

To further determine whether type I IFN is a regulator of IL1B mRNA expression in M.
tuberculosis infection, we extended our study to a larger cohort of healthy donors and
compared the expression of IL1B in the infected macrophage cultures with or without
IFNABR2 blockade. In addition to reducing the expression of the IFN-dependent CXCL10
(data not shown), blockade of type I IFN signaling significantly increased IL1B mRNA
levels when compared with the cultures infected with M. tuberculosis alone (Fig. 2B). In
contrast, expression of other NF-κB-dependent genes, such as IL6 and TNF, was not
significantly altered by the mAb suggesting a selective regulation of IL1B expression by
type I IFN.

Downregulation of M. tuberculosis-induced IL-1β by type I IFN occurs independently of
alterations in IL-1R signaling, IL-27R signaling and caspase-1 activation

Type I IFN have been shown to modulate IL-1 receptor expression (29) and it is well
established that IL-1 can autoamplify its production (30, 31) through interaction with its
own receptors. Therefore, it was possible that the increase in IL1B expression in our mAb
blocking experiments was due to the release of type I IFN-dependent inhibition of IL-1R
signaling and subsequent autocrine stimulation of IL-1 production. To test this, we first
analyzed the effect of endogenous type I IFN on the expression of the signaling receptors
IL1RI and IL1RAcP, the inhibitory receptor ILRII and the receptor antagonist IL1Ra in M.
tuberculosis-infected primary macrophages. We found that relative to uninfected controls,
M. tuberculosis-infected macrophages displayed reduced expression of the IL1RI but
increased levels of IL1RAcp, IL1RII and IL1Ra (Fig. 3A). Nevertheless, blockade of type I
IFN signaling failed to significantly alter the expression of any IL-1R species.

To further exclude the possibility that endogenous type I IFN regulate IL-1-induced IL1B
expression, we compared gene expression in M. tuberculosis-infected macrophages cultured
with mAb to IFNABR2 or Anakinra, a recombinant IL-1Ra competing with IL-1 for IL-1RI
binding, or both. Addition of Anakinra did not significantly reduce IL1B expression in
macrophages infected with M. tuberculosis alone or in combination with the mAb to
IFNABR2 (Fig. 3B). Together, these findings suggest that the IL-1R-dependent positive
feedback loop does not appear to contribute significantly to M. tuberculosis-induced IL-1β
production in human macrophages and that the augmented IL1B expression following
blockade of type I IFN signaling is not due to enhanced IL-1R signaling.

Since IL-27, an IFN-inducible regulatory cytokine, has also been implicated in suppressing
IL-1β production in macrophages through the regulation of IL-1 receptor expression (32),
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we examined its possible involvement in regulating M. tuberculosis-induced IL-1β
production. We found that the addition of exogenous IL-27 or neutralization of endogenous
IL-27 activity with a soluble IL-27R/Fc chimera did not significantly alter M. tuberculosis-
induced IL-1β production (Fig. 3C), thus arguing against a role for this cytokine in
regulating IL-1β production in infected macrophages.

In addition to mRNA induction, mature IL-1β release requires caspase-1 activation and
cleavage of pro-IL-1β. To determine whether type I IFN regulate caspase-1 activation in M.
tuberculosis-infected macrophages, IL1B mRNA as well as the cleavage of caspase-1 and
IL-1β in culture supernatants of mycobacterial infected THP-1 cells were analyzed. Addition
of exogenous type I IFN decreased the expression of IL1B mRNA, while supplementation of
cultures with mAb specific for IFNABR2 increased IL1B expression (Fig. 3D). Comparable
effects of type I IFN or IFNABR2 mAb were observed when the levels of mature IL-1β
protein in the same cultures were analyzed by Western blotting. In contrast, the extent of
caspase-1 cleavage was affected minimally by either culture condition, indicating that type I
IFN play a minor role in regulating inflammasome activation and in the processing of pro-
IL-1β in M. tuberculosis-infected human macrophages.

M. tuberculosis-induced IL-1β production is suppressed by type I but not type II IFN and
this regulation occurs in human macrophages but not monocytes

Thus far our results showed that the induction of type I IFN by M. tuberculosis negatively
regulates IL1B expression. We next quantified the levels of IL-1β protein in the infected
cultures and found that consistent with the IL1B mRNA expression pattern (Fig. 2B),
blockade of endogenous type I IFN signaling significantly increased the amount of IL-1β
protein released into the cultures (Fig. 4A). Conversely, addition of exogenous IFN-β
markedly suppressed IL-1β protein secretion in M. tuberculosis-infected macrophages (Fig.
4B). Interestingly, IFN-γ, an IFN family member known to activate macrophages, had a
minimal effect on M. tuberculosis induced IL-1β secretion in the same infected cultures,
suggesting that type I and II IFN play distinct roles in regulating IL-1β production. Finally,
we determined the effect of exogenous IFN-β and IFN-γ on the IL-1β response of human
monocytes to M. tuberculosis and observed that neither IFN suppressed the production of
IL-1β in the infected monocyte cultures (Fig. 4B), indicating that the IL-1β response of
monocytes and macrophages to M. tuberculosis is differentially regulated by IFNs.

Virulent mycobacteria induce type I IFN expression in an RD1-dependent fashion
To determine whether the ability to induce type I IFN is a common property of all
mycobacteria, we compared expression of type I IFN-related genes in macrophages exposed
to virulent versus avirulent or inactivated mycobacteria. We found that BCG and irradiated
M. tuberculosis stimulated significantly weaker expression of IFNA1, IFNB and CXCL10
compared to live M. tuberculosis (Fig. 5A), indicating a preferential induction of type I IFN
by virulent mycobacteria in human macrophages.

Since the RD1 locus, which is present only in virulent M. tuberculosis, has been implicated
in the induction of type I IFN in mice (4, 13), we compared IFN-related gene expression in
primary human macrophages infected with an RD1-deficient mutant (ΔRD1) or wild-type
(WT) M. tuberculosis. Compared to WT M. tuberculosis, the ΔRD1 mutant was
significantly less effective at inducing the expression of the IFN-inducible IFIT1 and MX1
while capable of up-regulating TNF, IL6 and IL1B mRNA (Fig. 5B), indicating a
requirement for the mycobacterial virulence determinant RD1 in inducing type I IFN in
human macrophages.
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Virulent M. tuberculosis induces higher levels of CXCL10 and IL-1β protein compared to
BCG

To compare the cytokine response of human macrophages to virulent and avirulent
mycobacteria at the protein level, primary human macrophages were infected with either M.
tuberculosis or BCG and secreted inflammatory cytokines/chemokines quantified using a
multiplex or a conventional ELISA assay. While a low level of IFN-β protein was detected
in M. tuberculosis-infected macrophage cultures of some but not all donors (data not
shown), large quantities of IFN-inducible CXCL10 were induced (Fig. 6A) in every donor
tested. Consistent with the analysis of mRNA expression (Fig. 5A), multiplex cytokine
measurements showed that M. tuberculosis-infected human macrophages secreted a
significantly higher quantity of CXCL10 as well as IL-1β when compared with those
infected with BCG. In contrast, the levels of other NF-κB-dependent proinflammatory
cytokines were comparable. This difference in IL-1β protein secretion was subsequently
confirmed using a conventional IL-1β ELISA assay showing that M. tuberculosis stimulated
primary macrophages release approximately 10-fold more IL-1β protein than either BCG- or
irradiated M. tuberculosis-stimulated cells (Fig. 6B, left panel). The difference was not due
to a failure of avirulent mycobacteria to activate the innate system since all bacteria induced
a comparable level of IL1B mRNA in the same infected macrophage cultures (Fig. 6B, right
panel). Similar to primary macrophages, M. tuberculosis-infected differentiated THP-1 cells
also consistently produced higher level of secreted IL-1β protein than those stimulated with
BCG (Fig. 6 C).

M. tuberculosis is more efficient than BCG in activating caspase-1 in infected
macrophages

Given that type I IFN negatively regulate IL1B mRNA expression in M. tuberculosis
infected macrophages and BCG fails to induce type I IFN expression, it was surprising that
BCG-infected macrophages produce decreased rather than increased IL-1β production. To
determine whether M. tuberculosis and BCG differentially regulate IL-1β production at the
post-transcriptional level, we analyzed levels of cleaved caspase-1 and IL-1β in the culture
supernatants as well as procaspase-1 in the cell lysates of infected primary human
macrophages. We found that virulent M. tuberculosis is more efficient than avirulent BCG
and RD1-deficeint M. tuberculosis in activating caspase-1 and triggering the secretion of
mature IL-1β protein (Fig. 6D).

Type I IFN have been suggested to activate the inflammasome in the Francisella infection
model (33). Therefore, it was possible that compared to M. tuberculosis-infected cells, the
weaker caspase-1 activation observed in BCG-infected culture is due to the lower level of
type I IFN expressed (Fig. 5A). However, the addition of exogenous IFN-β failed to increase
caspase-1 cleavage to the level observed in M. tuberculosis-infected cells (Fig. 6E).
Moreover, consistent with our earlier finding with M. tuberculosis (Fig. 4B), exogenous
IFN-β reduced the quantity of BCG-induced IL-1β to undetectable levels in primary
macrophage cultures (Fig. 6F), arguing that type I IFN does not regulate mycobacteria-
induced IL-1β production by altering caspase-1 activation. Together, these observations
suggested that the difference in IL-1β production by BCG versus M. tuberculosis infected
human macrophages is due to differential caspase-1 activation rather than type I IFN
induction by these bacteria.

Monocytes, in contrast to macrophages, mount equivalent IL-1β response to M.
tuberculosis and BCG

We next examined the IL-1β response of human monocytes to mycobacterial infection as it
has been reported previously that the production of this cytokine is differentially regulated in
the two mononuclear cell populations (34, 35). In contrast to macrophages (Fig. 6B), the
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levels of IL1B mRNA and secreted IL-1β protein were comparable in monocyte cultures
infected with M. tuberculosis, BCG or irradiated M. tuberculosis (Fig. 6G), arguing that
only differentiated macrophages are capable of distinguishing virulent from avirulent
mycobacteria with regard to IL-1β release. Therefore, the IL-1β response to mycobacteria is
influenced both by properties of the pathogen as well as the host cell type that is infected.

Discussion
Although essential for resistance to viral infections, type I IFN have been shown to
contribute to pathogenesis of intracellular bacterial infections (36, 37). In the case of M.
tuberculosis, the cytokines have been shown to impair host resistance in mice (4, 18) and to
be associated with TB disease progression in infected humans (22). However, the
mechanisms by which type I IFN regulate the host response to M. tuberculosis infection are
poorly understood in both mice and humans. In this report, we show that type I IFN are
preferentially induced by virulent mycobacteria and function as regulators of IL-1β
production in infected human macrophages through suppression of IL1B mRNA expression.
This host cytokine-mediated, transcriptional regulation of IL-1β production is thus distinct
from a previously described mechanism in murine macrophages involving direct inhibition
of inflammasome activation by the mycobacterial product, zmp1 (16). Together, our findings
reveal a second pathway through which M. tuberculosis can manipulate host IL-1β
production indirectly by inducing type I IFN (Fig. 7). Although the molecular mechanisms
required for the induction of type I IFN by M. tuberculosis have yet to be fully elucidated, it
is interesting to note that live M. tuberculosis selectively induces only a subset of type I
IFNs in macrophages, as shown here, and dendritic cells (24). Therefore, a detailed
comparison of the M. tuberculosis induced IFN signature with that known to be triggered by
viral infection may provide important clues in understanding the “probacterial” vs. anti-viral
effects of this important cytokine family.

Our findings reveal that type I IFN selectively inhibit IL-1β mRNA induction but not
caspase-1 activation or IL-1R signaling in M. tuberculosis-infected human macrophages. A
similar suppressive effect of IFN-β on IL-1β gene expression has been reported in dendritic
cells isolated from multiple sclerosis patients before treatment (38). Nevertheless, type I IFN
has also been shown to regulate IL-1β production at the post-transcriptional level. For
example, it has been reported that type I IFN positively regulate IL-1β release by enhancing
inflammasome activation in Francisella tularensis-infected murine macrophages (33)
although in vivo type I IFN signaling has been shown to impair host control of Francisella
infection (39). Moreover, while a previous study indicated that type I IFN/Tyk2 signaling
regulates LPS-induced IL-1β production at the translational level in murine macrophages
(40), a more recent paper reports that type I IFN regulate LPS and alum triggered IL-1β
production at the levels of both pro-IL-1β protein synthesis and inflammasome activation
(41). These discordant findings have yet to be reconciled. One possibility is that the different
mechanisms observed may result from variations in the strength, duration, and/or the
combination of stimuli used for triggering pro-IL-1β synthesis and mature IL-1β release.
Differences in the timing and duration of exogenous type I IFN exposure employed in the
different studies may also have contributed to the distinct results obtained.

Interestingly, although IFN-α/β and IFN-γ share related signaling pathways, analyses
performed on a subset of donors suggest that IFN-γ does not exhibit the same effects on
IL-1β production by M. tuberculosis-infected human macrophages. Moreover, IFN-γ a
known macrophage stimulating cytokine, is unable to antagonize the suppressive effects of
endogenous type I IFN on infected human macrophages, suggesting a dominant effect of
type I over type II IFN signaling in regulating the IL-1β response to M. tuberculosis in
human macrophages. This distinction may be due partly to the known ability of M.
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tuberculosis to interfere with IFN-γ signaling in macrophages, which has been proposed as a
mechanism for the pathogen's evasion of adaptive immunity (42, 43).

The functions of the type I IFN and IL-1β pathways in human TB are poorly understood.
Studies in the murine model have suggested that two cytokines play opposite roles in host
resistance to M. tuberculosis and the present study demonstrates that type I IFN clearly
limits IL-1β production in human macrophages infected with the pathogen. Since IL-1β is
host protective in murine TB, restriction of IL-1β production by type I IFN might be
expected to prevent host clearance of the organism. However, due to the known pro-
inflammatory effects of IL-1β on cell recruitment, it is also possible that down-regulation of
its activity in some settings could be host protective through dampening excessive IL-1β-
mediated tissue pathology induced by virulent mycobacteria (44) and/or even preventing the
establishment of the infection by restricting macrophage recruitment to granulomas, a
process that has recently been proposed to support rather than limit mycobacterial survival
in vivo (45). The impact of such regulation on the establishment and maintenance of chronic
M. tuberculosis infection in humans remains to be elucidated.

Regardless of the exact mechanisms involved, the balance between IL-1β and type I IFN
responses may be pivotal in ensuring the survival of host as well as pathogen thereby
contributing to the maintenance of persistent M. tuberculosis infection. Disturbing this
balance may be detrimental for host control of the infection as evidenced by our previous
finding that Poly:IC induction of type I IFN results in increased bacterial growth and host
pathology in mice (21) and the observation of TB reactivation in chronic hepatitis C patients
undergoing therapy with pegylated IFN-α and ribavirin (46, 47).

In agreement with previous studies with murine macrophages, avirulent mycobacteria (in
this case BCG) trigger substantially less type I IFN than virulent M. tuberculosis in human
macrophages. Given the negative regulatory role of type I IFN in M. tuberculosis infection,
one might predict from these observations that IL-1β production would be increased in
BCG-infected macrophages due to the release in type I IFN mediated suppression.
Nevertheless, in both human and mouse macrophages (10–12) only low levels of mature
IL-1β are triggered by avirulent mycobacteria. As indicated here in human macrophages,
this decreased IL-1β production is not due to a defect in the induction of IL1B mRNA
message by BCG but rather the inability of the organism to trigger caspase-1 dependent
processing and secretion of mature IL-1β. A likely explanation for this caspase-1 activation
defect is the different intracellular trafficking of virulent vs. avirulent mycobacteria in
macrophages. Thus, virulent M. tuberculosis (which expresses the ESX-1/RD1 secretion
system) has been proposed to translocate bacterial products from the phagolysosome into the
cytoplasm where, as previously demonstrated in murine macrophages, they trigger host
inflammasome activation and mature IL-1β protein release (10–12, 44). In contrast,
avirulent BCG and other RD1-deficient mycobacteria lack this secretion system and are
retained within the phagolysosomal compartment (Fig 7). Therefore, regardless of the
regulation of IL1B transcription by type I IFN, avirulent mycobacteria remain incapable of
stimulating the production of mature bioactive IL-1β protein. For this reason, it can be
concluded that in macrophages infected with virulent vs. avirulent mycobacteria IL-1β
production is governed by both overlapping and distinct mechanisms.

In addition to highlighting distinctions between M. tuberculosis and BCG, our data reveal
major differences between human macrophages and monocytes in the regulation of IL-1β
production following mycobacterial infection. It has been previously demonstrated that
following pattern recognition receptor stimulation, human monocytes do not require a
second signal for IL-1β release because caspase-1 is constitutively activated (34, 35). The
latter distinction is the likely explanation of our observation that, in direct contrast to
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infected macrophages, M. tuberculosis and BCG infected monocytes secrete comparable
levels of IL-1β. This cell-specific difference in IL-1β regulation in mononuclear phagocytes
may have important in vivo implications. Thus, if mycobacterial infection is not contained
locally within tissue macrophages and disseminates systemically, interaction of circulating
monocytes with mycobacteria will trigger the robust production of IL-1β without the
requirement for inflammasome activation thereby preventing further spread of the pathogen.

M. tuberculosis has evolved multiple strategies to counteract host defense mechanisms in
infected macrophage by regulating host cytokine signaling, cell survival, antigen
presentation and microbicidal activities (48, 49). In this study, we have demonstrated a
cytokine regulatory loop by which M. tuberculosis can manipulate host IL-1 production
through the induction of type I IFN. These findings have important implications for the
understanding of M. tuberculosis virulence, persistence and pathogenesis. Since type I IFN
is readily triggered by numerous viral and other pathogens, this pathway may be of
particular relevance in delineating the mechanisms by which co-infections may contribute to
TB progression. The extent to which type I IFN and IL-1β induction and signaling influence
the outcome of M. tuberculosis infection in humans is thus an important topic for future
investigation.
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Figure 1. Induction of type I IFN in M. tuberculosis-infected human macrophages
Expression of type I IFN and CXCL10 mRNA was analyzed in macrophages unstimulated
(open symbols) or infected with M. tuberculosis (closed symbols) using a quantitative PCR.
Levels of IFNB (A and B) and IFN-inducible CXCL10 (C and D) in primary human
macrophages (A and C) at 4 and 24 hr post-infection or in PMA-differentiated THP-1 cells
(B and D) at 24 hr post-infection were measured by a SYBR Green-based PCR. The data
shown are relative fold increase of genes of interest over 18S RNA. The normalized gene
expression is calculated as 2−ΔCt where ΔCt equals (treated Ct-18S Ct). (E) A representative
expression profile of type I IFN in uninfected or M. tuberculosis-infected primary
macrophages from a single donor and (F) summary expression data of IFNB and IFNA1 of
all donors (n = 14) were determined at 24 hr using a Taqman-based quantitative PCR. The
data are expressed as mRNA copy number (per μg RNA). Each paired data set represents an
individual donor (A, C and F) or an independent experiment (B and D).
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Figure 2. Regulation of the macrophage cytokine response to M. tuberculosis by type I IFN
signaling
(A) Primary human macrophages from five individual healthy donors were left unstimulated
or infected with M. tuberculosis for 24 hr in the presence or absence of a blocking mAb to
IFNABR2 and gene expression analyzed using a nCounter Gene Expression Assay. Data are
expressed as the log2 ratio (“fold change”) of mRNA counts. Left panel: M. tuberculosis
infected relative to uninfected. Right panel: M. tuberculosis + IFNABR2 mAb relative to M.
tuberculosis alone. Known IFN-dependent genes are shown in boxed areas. * False
Discovery Rate (FDR) < 0.5. (B) Increased IL1B expression in human macrophages infected
with M. tuberculosis following blockade of endogenous type I IFN measured by quantitative
PCR at 24 hr. The data shown are fold change over non-infected cultures. Each paired data
set represents an individual donor.
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Figure 3. Regulation of IL-1β by M. tuberculosis-induced type I IFN is independent of altered
IL-1R and IL-27R signaling and caspase-1 activation
(A) Expression of IL-1R components and IL-1Ra in the presence or absence of IFNABR2
mAb and (B) IL1B levels in the presence of Anakinra and / or IFNABR2 mAb was
measured in M. tuberculosis-infected human macrophages at 24 hr using quantitative PCR.
Data shown are fold change over non-infected cultures. Each symbol represents an
individual donor. (C) IL-1β secretion in macrophage cultures incubated with recombinant
IL-27 or IL-27R/Fc protein measured by ELISA at 24 hr after infection. Each line represents
an individual donor. (D) IL1B mRNA expression, caspase-1 activation and IL-1β processing
in THP-1 cells infected with M. tuberculosis alone or in combination with exogenous IFN-β
or IFNABR2 mAb at 24 hr. IL1B mRNA in lysates was measured using quantitative PCR,
while cleaved caspase-1 and mature IL-1β in culture supernatants were assayed by Western
blotting involving sequential probing of the same membrane with antibodies against each
product. The mRNA data shown are fold change over non-stimulated cultures and data
shown are the mean (± SD) of 3 independent experiments with similar results.
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Figure 4. Differential effects of type I IFN on IL-1β production in M. tuberculosis-infected
macrophages and monocytes
(A) Increased IL-1β protein secretion by M. tuberculosis-infected primary human
macrophages cultured with mAb to IFNABR2. Each paired data set represents an individual
donor. (B) IFN-β limits M. tuberculosis-induced IL-1β secretion by macrophages but not
monocytes. Primary human macrophages and monocytes from the same donors were
infected with M. tuberculosis in the presence or absence of exogenous IFN-β or INF-γ. The
cytokines (10 ng/ml) were added to the cultures at the beginning of the infection. The
quantity of secreted IL-1β protein measured at 24 hr by ELISA. Each symbol represents an
individual donor.
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Figure 5. Induction of type I IFN by virulent mycobacteria in human macrophages
(A) Primary macrophages were exposed to live or irradiated M. tuberculosis or BCG for 24
hr and the expression of IFNA, IFNB and CXCL10 was analyzed by quantitative PCR. The
data shown are fold change over non-stimulated cultures (n = 8–14). (B) Human
macrophages from two individual healthy donors were infected with either WT (closed
symbols) or RD1-deficient (open symbols) H37Rv M. tuberculosis and the expression of the
indicated genes was analyzed using a nCounter Gene Expression Assay at 4 and 24 hr. The
data shown indicate fold change over non-stimulated cultures after gene expression was
normalized against RPS18.
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Figure 6. Virulent but not avirulent mycobacteria stimulate IL-1β protein secretion in human
macrophages
(A and B) Expression of cytokines in mycobacterial stimulated primary macrophage cultures
was analyzed at 24 hr using a multiplex cytokine assay (A, M. tuberculosis: closed symbols
and BCG: open symbols. n = 7), ELISA assay (B, left panel) or quantitative PCR (B, right
panel). (C) Levels of IL-1β were determined in mycobacterial infected THP-1 cell cultures
by ELISA and each paired data set represents an independent experiment. (D) Expression of
caspase-1 and IL-1β in infected primary human macrophage cultures was analyzed at 24 hr
by Western blotting involving sequential probing of the same membrane with the
corresponding antibodies. (E) M. tuberculosis and BCG-infected THP-1 cell cultures were
analyzed at 24 hr post-infection by Western blotting as described in D. IFN-β (10 ng/ml)
was added to some cultures at the beginning of the infection. Data shown are representative
of 2 independent experiments with similar results. (F) Levels of secreted IL-1β protein in
BCG-infected primary macrophage cultures with or without exogenous IFN-β were
determined at 24 hr by ELISA. (G) Levels of secreted IL-1β protein (left panel) and IL1B
mRNA (right panel) in mycobacterial stimulated monocyte cultures at 24 hr were measured
by ELISA or quantitative PCR, respectively. Monocytes isolated from the same donors
shown in B were stimulated with M. tuberculosis, BCG or irradiated M. tuberculosis.
mRNA data shown are fold change over non-infected cultures. Each symbol in B, F and G
represents an individual donor.
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Figure 7. Schematic diagram illustrating the regulation of IL-1β in human macrophages infected
with either M. tuberculosis or BCG
(A) While M. tuberculosis and BCG trigger equivalent levels of IL1B mRNA, only M.
tuberculosis can efficiently activate the inflammasome to process pro-IL-1β leading to
release of mature IL-1β. In addition, M. tuberculosis is able to simultaneously limit the
production of IL-1β by at least two independent pathways (indicated in red lines). The first
mechanism involves the previously described direct inhibition of caspase-1 activation via
zmp1 (1) while the second, revealed in the current study, entails the suppression of IL1B
mRNA expression indirectly through the induction of host type I IFN secretion (2). Dotted
lines indicate hypothetical pathways necessary for sensing bacterial products critical for
triggering caspase-1 activation and type I IFN production. These two pathways are not
effectively triggered by BCG or other RD1-deficient mycobacteria since they involve
cytosolic sensors that these bacteria cannot access because they lack the ESX-1 secretion
system. (B) Table summarizing the levels of key elements in the pathways described in A in
infected macrophages. The effects of IFN blockade on the expression of these components
in M. tuberculosis-infected macrophages are also described. PRR: pattern recognition
receptor.
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