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Abstract

Mycobacterium tuberculosis (MTB) remains a leading infectious threat to human health.
Macrophages are the cells targeted for infection by the bacterium as well as key effector cells for
clearance of the pathogen. Interleukin (IL)-27 opposes macrophage-mediated control of MTB
because supplying IL-12 and blocking the activity of IL-27 limits bacterial growth in primary
human macrophages. The purpose of this study was to determine the immunological regulators of
this macrophage mechanism to restrict MTB growth. Interferon (IFN)-y, TNF-a, and IL-18 were
all demonstrated to be important to the environment that limits bacterial growth when 1L-12 is
supplied and IL-27 is neutralized. We find IL-18 works in conjunction with IL-12 to achieve
optimal IFN-y production in this system. We also demonstrate novel interactions between these
cytokines to influence the expression or responsiveness to one another. Quantitative assays show
that IFN-y enhances expression of the IL-18 receptor signaling chain, as well as TNF expression
and secretion. In turn, TNF-a augments expression of the receptor for IFN-y the amount at the
cell surface, and the extent of IFN-y-induced signaling. We further define how the cytokine
environment supports an enhanced state of classical macrophage activation. Collectively, these
results describe novel immunological mechanisms that provide additional insights into the effects
of IL-12 and IL-27 on macrophage regulation during MTB infection.
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1. INTRODUCTION

Mycobacterium tuberculosis (MTB) is an intracellular pathogen and the causative agent of
tuberculosis. This organism is among the most successful human pathogens and estimated to
have infected one-third of the world’s population. Globally in 2009, there were an estimated
9.4 million new cases of tuberculosis [1]. However, in the face of this large incidence of
infection, primary tuberculosis only occurs in approximately 5-10% of those infected [2].
This observation suggests that both the innate and specific immune functions of most
infected individuals contain the bacterium. Yet despite this containment, they are typically
not sufficient to eliminate the pathogen. A greater understanding of immune mechanisms
that function to control the bacterium is a necessary prerequisite to development of
therapeutic strategies aimed at more effective clearance of mycobacteria.

T lymphocytes are of unquestionable importance to host protection during tuberculosis [3].
They are essential for proper granuloma formation and maintenance [4-6]. Activated Thl
cells are also a dominant source of protective cytokines such as IFN-y and TNF. As such,
significant attention is applied to understanding and improving Th1 responses during
tuberculosis. However, host macrophages represent the target cell for MTB in the lungs and
the effector immune cell at the heart of the granuloma. MTB is able to subvert phagosome
maturation and survive within professional phagocytes. Thus, marked improvement can also
be made in understanding how innate cells may better control intracellular bacterial growth
and cooperate with adaptive responses to reduce the bacterial burden during infection.

Although macrophages and dendritic cells are prototypical producers of 1L-12, macrophages
do not produce adequate quantities of 1L-12 in response to MTB [7, 8]. In contrast, both
EBI3 and p28 subunits of the structurally related heterodimeric cytokine, IL-27, are strongly
induced by MTB in human macrophages [9]. The immunobiology of IL-27 has become
more appreciated over the last decade, and this cytokine is somewhat paradoxical in that it
has both proinflammatory and anti-inflammatory activity towards lymphocytes. I1L-27
cooperates with IL-12 to initiate Thl responses and also augments IFN-y production by
these cells [10-13]. However, the primary function of IL-27 may be to limit inflammatory
responses in other circumstances. In experimental models of tuberculosis, mice deficient in
IL-27 signaling exhibited improved control of bacteria, but uncontrolled inflammatory
responses reduced animal survival over time [14, 15]. This was accompanied by an increase
in CD4+ T cell proliferation in the lungs [14, 15], as well as increased proinflammatory
cytokine production, including IFN-y [15]. T cell hyperactivity is also reported in
Toxoplasma gondii-infected mice that do not express WSX-1, the ligand binding component
of the IL-27 receptor [16]. Other studies have shown direct involvement for IL-27 in
negatively regulating T-17 cells associated with inflammatory responses [17, 18] and in
inducing 1L-10-producing suppressive T cells [19].

What has been less well understood is the effect of IL-27 on the innate cells responsible for
its production. We have previously demonstrated that supplementing 1L-12 along with a
soluble receptor to neutralize 1L-27 (sIL27R) reduces MTB recovered from infected human
macrophages [9]. We have extended that study in an effort to better understand the
immunological parameters and mechanism involved in this response. Our results
demonstrate that production of IFN-y, TNF-a, and IL-18 are most important for reducing
the mycobacterial burden in human macrophages when IL-12 is supplied and 1L-27
signaling is blocked. Furthermore, IFN-y, TNF-a, and IL-18 cooperate in a network such
that they influence the expression and/or responsiveness to one another. Finally, this study
further highlights the inhibitory nature of IL-27 toward human macrophages. In the case of
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chronic infections such as tuberculosis, this activity may compromise control of the bacteria
to prevent overactive immunological responses.

2. MATERIALS AND METHODS

2.1. Mycobacterium culture conditions

MTB strain Erdman, provided by Dr. JoAnne Flynn (University of Pittsburgh School of
Medicine), was maintained in Middlebrook broth containing albumin, dextrose, catalase
(ADC) at 37°C with 5% CO,. Mycobacterium tuberculosis mc27000 was described
previously [20] and provided by Dr. William R. Jacobs, Jr (Albert Einstein College of
Medicine). This strain was grown as described above with the addition of pantothenate (25
g/mL). Gamma-irradiated MTB strain H37Rv was acquired from the Colorado State
University TB Vaccine Testing and Research Materials Contract. All operations involving
live MTB were performed under standard biosafety level (BSL) 3 laboratory practices.

2.2. Cell culture

Human buffy coats were purchased from Central Blood Bank (Pittsburgh, PA) or New York
Blood Center (New York, NY). Eligible donors were 16 years of age or older, at least 110
pounds, and in good physical health. The buffy coat donors were anonymous and
deidentified. Human PBMCs were obtained from buffy coats by Ficoll (Amersham
Biosciences) density gradient centrifugation. Monocytes were subsequently isolated from
human PBMCs by OptiPrep (Axis-Shield) density gradient centrifugation as described
previously [21]. Monocytes were allowed to adhere to plastic culture dishes for 1 h in
serum-free DMEM. Non-adherent cells were removed and the media was replaced with
DMEM supplemented with 2 mM glutamine, 25 mM HEPES, 20% FCS and 10% human
serum. Monocyte-derived macrophages were removed from the culture dish with PBS (pH
7.4) that contained 5 mM EDTA and 4 mg/mL lidocaine. Macrophages were routinely
harvested for use between days 5 and 8 in culture. The cells were washed with PBS and
plated onto Primaria® (Becton Dickinson-Falcon) culture dishes in DMEM supplemented
with 2 mM glutamine, 25 mM HEPES, and 1% human serum. When data reported is from
pooled experiments, each individual experiment was performed with macrophages isolated
from a separate donor.

2.3. Macrophage infection and enumeration of MTB

Human macrophages cultivated in 96-well dishes (5x10%/well) were treated with medium
alone, 1L-12 (5 ng/mL), sIL27R (10 g/mL, R&D Systems, Neutralization Dose [ND]5¢=1-4
g/mL), or their combination and infected with MTB (~MOI 1). All other neutralizing
reagents that were included where indicated were commercially available mouse
monoclonal antibodies used at 1 g/mL: IFN-y (R&D Systems, ND5q=0.06-0.3 g/mL), I-
TAC (R&D Systems, ND5p=0.2-0.8 g/mL), TNF-a (R&D Systems, ND5,=0.015-0.06 g/
mL), IL-6 (0.05-0.15 g/mL), and IL-18 (MBL International, ND5¢=0.1 g/mL). Infected
cultures were incubated 72h at 37°C with 5% CO». Culture supernatants were removed and
macrophages were permeabilized with 0.05% saponin to release bacteria. Ten-fold serial
dilutions were plated on Middlebrook 7H10 agar and incubated 21 days at 37°C with 5%
CO..

2.4. Quantitative PCR

Human macrophages (1.5x10°/well) cultivated in 24-well dishes were treated as indicated.
At appropriate time points, media was removed from cultures, the cells were lysed with
TriReagent® (Molecular Research Center), and RNA was isolated according to commercial
product protocol. First strand cDNA synthesis was performed using SuperScript™ I11
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reverse transcriptase (Invitrogen) according to protocol. Real time cycling of reactions that
included cDNA diluted 20-fold from above, gene-specific primer-probe sets (Applied
Biosystems), and iQ™ Supermix (Bio-Rad) was performed in triplicate using an iQ5™
cycler (Bio-Rad). GAPDH was used as an internal reference gene.

2.5. Immunoblot Analysis

Human macrophages (5x10%well) cultivated in 96-well dishes in triplicate were stimulated
as indicated in the presence or absence of -irradiated MTB. Whole-cell lysates were
prepared with RIPA buffer (Boston Bioproducts, 50 mM Tris, pH7.4, 150 mM NacCl, 0.5%
sodium deoxycholate, 1% NP-40, and 0.1% SDS) at 4°C. Equal amounts of protein were
separated on 4-20% gradient SDS-PAGE gels and transferred to nitrocellulose according to
standard techniques. Primary antibodies used in this study were mouse monoclonal anti-
IL18 receptor (R&D Systems), mouse monoclonal anti-IFN-y receptor beta (Abcam), rabbit
polyclonal anti-Stat1 (Cell Signaling Technologies), rabbit polyclonal anti-phospho Statl
(Cell Signaling Technologies), and goat anti-actin (Sigma). Primary antibodies were
revealed with horse radish peroxidase-conjugated anti-mouse or anti-rabbit secondary
antibodies. ECL substrate (Amersham Biosciences) was applied to visualize proteins.

2.6. ELISA analysis

Human macrophages were cultivated in 24-well dishes as indicated above. Supernatants
were collected at indicated time points for analysis of TNF or IFN-y concentrations.
Standard curves were performed in parallel.

2.7. Flow Cytometry

For these experiments macrophages were cultivated in low binding 24-well dishes (Nalge-
Nunc) and stimulated with y-irradiated MTB where indicated. Macrophages were mixed for
15 min at room temperature with Fc receptor blocking reagent (Miltenyi Biotec). For surface
expression of receptors, macrophages were immunolabeled with mouse monoclonal anti-
IL18 receptor conjugated with PE (R&D Systems), mouse monoclonal anti-IFN receptor
(Abcam) followed by goat anti-mouse 1gG conjugated with Alexa Fluor 488 (Molecular
Probes), or an appropriate isotype control. Cells were collected with a FACScan flow
cytometer (Becton Dickenson). Approximately 5,000 events were collected for each sample
group. The mean channel (green or red) fluorescence intensity of the macrophage population
was measured.

2.8. Confocal Microscopy

Human macrophages (2x10°) were seeded on glass coverslips and treated with 1L-12 (5 ng/
ml) and sIL-27R (10 g/ml) or medium alone for 4 h prior to infection with MTB strain
mc27000 (~MOI 10). At 72h post-infection, cells were fixed with 4% paraformaldehyde
buffered with PBS for 30 minutes. Fixed macrophages were permeabilized and blocked for
15 minutes with PBS that contained 0.05% saponin and 0.2% BSA. Macrophages were
immunolabeled with mouse monoclonal anti-NOS2 (BD Bioscience) or anti-ARG1 (Santa
Cruz Biotechnology) for 1 hour. After washing, primary antibodies were revealed with anti-
mouse Alexa Fluor 468-conjugated secondary antibodies (Molecular Probes). Macrophages
fixed to coverslips were mounted to microscope slides using ProLong® Gold anti-fade
reagent containing DAPI (Molecular Probes). The macrophages were visualized using a
Zeiss Meta 510 laser scanning confocal microscope. A total of 10 fields per treatment
condition were examined. The mean fluorescent intensity (MFI) was calculated using the
histogram analysis in image J software. The average MFI + standard error for 10 fields of
view was calculated.
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2.9. Statistical analysis

A student’s t test was used to compare sample groups within a representative experiment. A
two-way ANOVA was used for all other comparisons that involve multiple experimental
replicates. The pvalues <0.05 were considered statistically significant.

3. RESULTS
3.1. Restriction of MTB growth by human macrophages requires IFN-y, TNF, and IL-18

Human macrophages stimulated with IL-12 and a soluble receptor to neutralize 1L-27
restrict MTB growth better than untreated macrophages, resulting in a reduced recovery of
viable bacteria at 72h (Fig. 1A) [9]. We have demonstrated that this effect on MTB growth
is consistent with an elevated inflammatory response that includes factors such as IFN-y,
TNF, IL-6, and I-TAC [9]. Thus, we wanted to understand which inflammatory mediators
were required for the restriction of MTB growth. To address this, human macrophages were
stimulated with IL-12 and sIL-27R for 4 h and then infected with MTB. Isotype control or
neutralizing antibodies to target specific cytokines were also included during the infection
and MTB recovery was evaluated at 72 h. Neutralization of IFN-y completely reversed the
anti-mycobacterial activity of human macrophages treated with IL-12 and sIL-27R
(p<0.001, Fig. 1B). These results are consistent with previous data showing the importance
of IFN-+y [9]. The contribution of other molecules was also determined. TNF production is
increased by infected macrophages following stimulation with IL-12 and sIL-27R relative to
infected controls [9]. Neutralization of TNF resulted in a significant reversal of the anti-
mycobacterial activity (p<0.001) that was comparable to that of IFN-y (Fig. 1C). Although
IL-18 production is not significantly altered by IL-12 or IL-27 in MTB-infected human
macrophages, expression of the I1L-18 receptor chain is increased by neutralization of IL-27
[22]. Neutralization of I1L-18 in this study resulted in an intermediate recovery of MTB that
was significantly different than macrophages treated with control antibodies (Fig. 1D,
p=0.005). Similar to TNF, secreted IL-6 is present at a higher level in culture supernatants
following stimulation with 1L-12 and sIL-27R relative to controls [9]. Neutralization of
IL-6, however, resulted in a modest change in mycobacterial recovery that was not
statistically significant (Fig. 1E, p=0.145). Similarly, I-TAC, is an interferon-ry-induced
chemokine heavily expressed in response to IL-12 and sIL27R [9], but did not influence the
ability of human macrophages to control MTB growth (Fig. 1F, p=0.189). These results
suggest that IFN-y, TNF, and IL-18 are important to the mechanism that restricts MTB
growth when IL-12 and sIL-27R are supplied.

3.2. Interactions mediated by IFN-y

It was interesting that IFN-y, TNF, and IL-18 each contributed to restriction of MTB
growth, yet the independent activities of each cytokine accounted for more than one third of
the total MTB growth restriction. This suggested that all three cytokines may cooperate in a
manner in which they influence one another. To evaluate possible interactions between these
cytokines, IFN-y TNF, or IL-18 were added individually in the presence or absence of MTB
at the time of infection. The addition of IFN-y increased transcription of TNF in the absence
of MTB but also augmented TNF expression during infection at 4 h (Fig. 2A) and 24 h (not
shown). To confirm the transcriptional response at the protein level, supernatants were
collected at 4 (not shown) and 24 h for analysis of secreted TNF. The presence of IFN-y
also increased the levels of secreted protein (Fig. 2B). In addition, IFN-y increased
expression of the TNFR1 (p55) gene in human macrophages (Fig. 2C). In this way, IFN-y
may not only influence production of TNF, but also increase responsiveness to the change in
cytokine concentration.
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The addition of IFN-y to human macrophage cultures also increased expression of the IL-18
receptor (IL18R) chain gene in the presence and absence of infection at 4 h (Fig. 3A). To
confirm that this trend was also reflected at the cell surface we measured the level of IL-18R
by immunolabeling and flow cytometry (Fig. 3B). In this assay, there was a modest increase
mediated by MTB alone (Fig. 3B). In the case of MTB alone, this is likely the result of
increases in TNF that occur in response to MTB; TNF increased IL-18R gene expression by
2.6-fold (not shown). IFN-vy treatment for 24 h enhanced cell surface expression of IL-18R
during infection by MTB (Fig. 3B). However, the change in receptor expression measured
by flow cytometry did not reflect the change in gene expression, especially after treatment
with IFN-y alone (Fig. 3A). It was possible that internalization of the receptor complex
could account for these discrepancies because we have shown that IL-18 is secreted at a low
level in the absence of infection [22]. Therefore, we measured IL-18R levels by immunoblot
to determine if the cell surface expression was underestimated relative to the total protein.
Human macrophages were treated with IFN-y in the presence or absence of MTB as before,
and total cell lysates were prepared at 24 h. This analysis showed a pattern of IL-18R
expression in which IFN-vy increased protein levels that peaked in the presence of MTB
(Fig. 3C).

3.3. Interactions mediated by IL-18

IL-18 is well known for its contribution to IFN-y production by lymphocytes [23] and has
also been implicated in driving IFN-y production by myeloid cells in both mice and humans
[22, 24-25]. Therefore, the effect of 1L-18 on levels of secreted IFN-y was also evaluated in
supernatants retained from MTB-infected cultures at 72 h post-infection (Fig. 4). As
expected, treatment with 1L-12 and sIL-27R induced IFN-y production in MTB-infected
macrophages. The inclusion of antibody to neutralize IL-18 dramatically reduced the
concentration of IFN-y present in culture supernatants (Fig. 4). However, isotype control
antibody had no effect on the IFN-y concentration (Fig. 4). This is consistent with the
importance of I1L-18 and IFN-y on restriction of MTB growth (Fig. 1B and D) and previous
results investigating IFN-vy secretion at earlier time points [9, 22].

3.4. Interactions mediated by TNF-a

Since blocking TNF signaling had a significant impact on mycobacterial recovery (Fig. 1C),
we also explored potential interactions between TNF and the other cytokine systems. The
addition of TNF increased gene expression of the IFN-y receptor 2 chain (IFNGR2 or
IFNGR), the signaling molecule in the receptor complex, in the presence or absence of MTB
(Fig. 5A). MTB alone also yielded a modest increase in IFNGR2 expression that may be
influenced by TNF levels that are induced under this condition (Fig. 5A). We also measured
the level of IFNGR?2 at the cell surface by immunolabeling and flow cytometry (Fig. 5B). In
the presence of MTB, addition of TNF increased IFNGR2 expression above that of MTB
alone at 6 h (Fig. 5B). This trend was also confirmed by immunoblot analysis (Fig. 5C). To
assess biological function associated with the increase in IFNGR2, we evaluated the
phosphorylation state of Statl by immunoblot analysis. The macrophages were stimulated
with TNF as before, and IFN-y was supplied for an additional hour. Consistent with the
increase in IFNGR2, IFN-vy led to phosphorylation of Stat-1 that was nearly doubled by
treatment with TNF (Fig. 5D). This effect was maintained during infection whereby TNF
mediated a two-fold enhancement of Stat-1 phosphorylation.

3.5. Cytokine effects on M1 and M2 macrophage phenotypes

The cytokines TNF, IL-18, and IFN-vy, shown here to be important for restriction of MTB
growth through mutual interactions, are all associated with classical (M1) macrophage
activation [26]. Thus, it is possible that the macrophages treated with 1L-12 and sIL-27R are
polarized toward classical (M1) activation. Resistin-1 (FIZZ1), a secreted cysteine-rich
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protein, and the mannose receptor (MRC1) that mediates recognition of carbohydrate
structures, are associated with alternative (M2) activation [26, 27]. M2-like macrophages are
also characterized by arginase-1 (ARG1) expression. In contrast, nitric oxide synthase
(NOS2), in conjunction with secretion of proinflammatory cytokines such as TNF, IFN-y
IL-12, IL-y IL-y and chemokines CXCL9-11, CCL15, and CCL20, are associated with an
M1 macrophage phenotype [26, 27]. The ARG1/NOS2 distinction in humans, however, is
not as clear [26].

To explore macrophage activation, we investigated cytokine production and gene expression
profiles for the markers described above. Production of M1-associated cytokines, IFN-y and
TNF, at 72 h following infection was augmented by treatment with IL-12 and sIL-27R
(Table 1). To aid in the interpretation of gene expression data, macrophages were treated
with IL-4 (100 ng/mL) or LPS (1 g/mL) for 72 h to serve as positive controls. These
treatments are standard conditions for induction of M2 and M1 macrophage phenotypes,
respectively. IL-4 induced mrcl expression (Fig. 6A). Fizz1 was also induced in this
condition with a wider variation in the magnitude of expression (data not shown). LPS
induced a significant increase in 17052 expression while downregulating mrc (Fig 6A);fizz1
was not expressed in any experiment in response to LPS (data not shown). Although argZ
was expressed in response to IL-4 and LPS, there was no significant change in gene
expression from medium alone (Fig 6A). In response to 1L-12 and sIL-27R during infection
nos2 expression was increased approximately 32-fold (Fig. 6B). Mrc1 expression was
reduced by the same treatment whereas there was a slight increase in argZ expression that
was not statistically significant (Fig 6B). F7zz1 was not consistently expressed during
infection in the presence or absence of IL-12 and sIL-27R (data not shown). These findings
demonstrate a pattern of gene expression that is strikingly similar to that seen in response to
LPS and suggest a macrophage phenotype that more closely aligns with M1 polarization
(Fig 6B).

3.6. Nitric oxide does not have a significant influence on restriction of MTB

Expression data for nos2 suggested that nitric oxide (NO) production may be involved in the
mechanism that restricts MTB growth. Therefore, we addressed this possibility by treating
macrophages with IL-12 and sIL-27R, as before, in the presence or absence of NOS2
chemical inhibitors. Separate experiments incorporated the arginine analogs L-NAME (L-
NG-nitroarginine methyl ester) or L-NIL [N6-(1-iminoethyl)-L-lysine] at concentrations
above the ICgg (500 nM and 3.3 M, respectively). The presence of L-NAME did not alter
the restriction of MTB growth mediated by IL-12 and sIL-27R (p=0.73, Fig 6C). Similarly,
L-NIL resulted in only a modest and statistically insignificant reversal of antimycobacterial
activity (p=0.15, Fig 6C). These experiments suggest that nitric oxide does not have a
significant role in restriction of MTB growth by human macrophages treated with 1L-12 and
sIL-27R.

Inhibition of NOS2 did not impact MTB growth within human macrophages. Therefore, we
considered the possibility that n0s2 gene expression did not lead to significant levels of
protein. Macrophages were treated with or without 1L-12 and sIL-27R during infection by
MTB and immunolabeled for NOS2. For these experiments it was necessary to use a BSL-2
strain of MTB that has been described previously [20], which behaves similarly in the assays
described above (data not shown). Consistent with the transcriptional analysis, NOS2
protein increased robustly in response to IL-12 and sIL-27R during infection (Fig. 7A). An
analysis of the mean fluorescent intensity (MFI) from 10 distinct fields of view further
demonstrates this effect (Fig. 7B). Since ARG1 and NOS2 compete for the substrate
arginine, we also investigated ARG1 localization. Although the levels did not change in
response to I1L-12 and sIL-27R, ARG1 protein was detected under all conditions tested (Fig.
7A). The MFI analysis further highlights this pattern of expression (Fig. 7B). NOS2 and
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ARG levels are therefore consistent with their transcriptional profiles, and create a situation
where the two enzymes may compete for substrate with the net result of minimizing nitric
oxide production.

4. DISCUSSION

Macrophages produce lower levels of IL-12 in response to MTB than other stimuli [7, 8].
Supplying IL-12 in conjunction with neutralization of 1L-27, however, reduces the bacterial
burden in infected macrophages (Fig. 1). It has become increasingly clear that IL-27 exerts
dominant anti-inflammatory activity toward macrophages during MTB infection. Increased
concentrations of proinflammatory cytokines are present in macrophage culture supernatants
when IL-12 is supplied and I1L-27 signaling is blocked [Table 1, ref. 9]. Those results are
recently supported by the findings that IL-27 negatively regulates MAPK signaling, IL-1
expression and processing, IL-8 production, and localization of TNF receptors at the cell
surface in human macrophages [28]. We have shown here that when IL-12 is supplied and
IL-27 is neutralized, IFN-y and TNF are critical to the anti-mycobacterial activity with
additional contribution made by IL-18 (Fig. 1). These results support a model in which these
cytokines interact to influence expression or responsiveness to one another (summarized in
Fig. 8). This model highlights that even subtle changes in the cytokine milieu present during
infection can lead to meaningful biological changes in signaling molecules and control of
pathogens.

The results reported here demonstrate cytokine interactions that are important to restrict
MTB growth (Fig. 8). Increased production of IFN-y enhanced TNF and IL-18 signaling. In
the presence of IFN-y, TNF, a potent activator of macrophages, is augmented both at the
level of gene expression and secretion (Fig. 2). IL-18R gene expression was also increased
by IFN-vy leading to more receptors available at the cell surface, mainly during infection
(Fig. 3). IL-18 is known to influence IFN-y production in a number of cell types in both
murine and human systems [22—-25]. However, the reciprocal relationship of IFN-y on IL-18
signaling described in this report was previously undefined. That IFN-y alone had a greater
effect on IL-18R gene expression suggests that other signals received by the macrophage
during infection may be necessary to trigger a robust change in IL-18R receptor at the cell
surface.

IL-27 negatively regulates the IL-18R chain [22]. This study provides an additional
mechanistic explanation for that result. Since IFN-y production is increased by
neutralization of 1L-27 [9, 22], it seems that IL-27 regulates IL-18R at least in part by
reducing IFN-y production. In addition, our results show that in the absence of IL-27, IFN-y
can continue to positively regulate its own production through 1L-18 responsiveness. 1L18 is
crucial for optimal IFN-y production by macrophages (Fig. 4).

The importance of TNF to limiting MTB growth is demonstrated by the effect on the IFN-y
receptor signaling chain (IFNGR2). We have shown for the first time that TNF increases
IFNGR2 protein available at the cell surface leading to increased phosphorylation of Stat-1
(Fig. 5). These data demonstrate that while IFN-y may influence expression of TNF, the
latter also enhances responsiveness to IFN-y. The difference in phosphorylation of Stat-1 is
not the result of changes in the IFN-y receptor 1 chain (IFNGR1) as its expression was
unaltered by TNF in the presence or absence of infection (data not shown). An effect of TNF
on phosphorylation of JAK kinases has also been reported and may contribute to this result
[29].

In total, analysis of the macrophage activation state suggests a polarization in the M1
direction. There is an increase in proinflammatory cytokines as shown with IFN-y and TNF
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levels in response to IL-12 and sIL-27R during infection (Table 1). This was accompanied
by a decline in mrc1 expression and an increase in nos2 expression that parallel the M1
profile induced by LPS (Fig. 6A, B). However, more typically, macrophages are thought to
share characteristics of M1 and M2 populations resulting in a spectrum of activation [27].
This idea is consistent with the modest increase in argZ expression observed in this study. In
bone marrow-derived murine macrophages, treatment with IL-27 was not sufficient to
induce an M2 macrophage phenotype [30]. However, WSX-1 gene expression and IL-27
mediated phosphorylation of Stat-3 were increased in IL-4 stimulated M2 macrophages [30].
Classical macrophage activation with LPS or IFN-y reduced WSX-1 gene expression [30].
Our study addresses the role of IL-27 in human macrophage activation. It is not clear at this
time if IL-27 is sufficient to generate an M2 phenotype. However, blocking IL-27 signaling
changes the cytokine environment and promotes M1 macrophage activation (Fig. 8). Future
experiments will further address this issue. Expression of nos2in the analysis presented here
suggested that nitric oxide may be involved in the restriction of MTB growth. However,
inhibition of NOS2 activity did not have a profound impact on bacterial recovery (Fig 6B).
Since argl transcripts were also detected, we further explored the protein expression and
localization of NOS2 and ARG1. Consistent with the transcriptional analysis, NOS2 protein
levels were increased by IL-12 and sIL-27R during infection (Fig. 7). However, ARG1
protein was also found throughout the cytosol (Fig. 7). It is possible that ARG 7 expression
leads to a competition with NOS2 for available substrate. In this scenario, nitric oxide may
not be produced at concentrations that are bacteriostatic, or is not reaching the MTB-
containing phagosome at concentrations necessary to be effective. These possibilities are
under current investigation.

Mycobacterium tuberculosis infections claimed approximately 1.7 million lives worldwide
in 2009 [1]. The tuberculosis epidemic is further complicated by HIV coinfection whereby
approximately 12% of the annual incident cases are in persons that are HIV-positive [1] and
multi-drug or extensive drug resistant (MDR and XDR-TB, respectively). To address the
latter, immunotherapeutic strategies that can work with or without traditional
chemotherapeutic approaches are a high priority in the global plan to combat MTB [1].
Modulating the cytokine environment during infection by antagonizing IL-27, and perhaps
supplying IL-12, may stimulate a more optimal response and represent a future therapeutic
approach. In summary, the results described here offer significant insights into the manner in
which macrophage control of MTB can be improved as well as novel cytokine interactions
that contribute. They also further define the anti-inflammatory activity of IL-27 toward
human macrophages.
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Figure 1.
Identification of factors involved in macrophage restriction of MTB growth. Human

macrophages were stimulated with IL-12 (5 ng/mL), sIL-27R (10 g/mL), IL-12+sIL-27R, or
medium alone for 4 h. Prior to infection by MTB neutralizing or isotype control antibodies
(1 g/ml) were added as indicated. Data is represented as the mean CFUs recovered from
infected macrophages + SE at 72 h for (A) a representative experiment, (B) four, (C) six,
(D) five, (E) four, or (F) five independent experiments. A student’s t-test (A) or two-way
ANOVA or (B—F) was used to establish statistical significance in the 95% confidence
interval between individual sample groups as indicated by the p value.
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Figure 2.

The effect of IFN-y on TNF-a.. Macrophages were stimulated with IFN-y (25 ng/mL) £
MTB. Quantitative analysis of TNF (A) or TNFRI (C) transcripts at 4 h is presented as the
mean log, change in gene expression of triplicate samples + SEM for three experiments.
Values were normalized to the mean expression of GAPDH within a triplicate sample group
and expressed relative to that of medium alone. (B) Cytokine concentrations (ng/mL) in
supernatants collected from macrophage cultures at 24 h were determined by ELISA. Data is
presented as mean + SEM for three experiments. A sample that did not contain detectable
quantities of protein is indicated (ND). (A, B, C) Asterisks indicate statistical significance in
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the 95% confidence interval relative to medium alone by two-way ANOVA, treatment
groups with the same number of asterisks are not statistically different from each another.
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Figure 3.

IFN-7y influences expression of the IL-18 receptor. Macrophages were stimulated with IFN-
v (25 ng/mL) = MTB. (A) Quantitative analysis of IL-18R gene expression at 4 h is
presented as the mean log, change in gene expression of triplicate samples + SEM for four
experiments. Values were normalized to the mean expression of GAPDH within a sample
group and expressed relative to that of medium alone. (B) Macrophages were harvested at
24 h and immunolabeled for surface receptors. The MFI for the cell population
corresponding to each treatment condition was normalized to medium alone. The mean data
from four separate experiments is shown. (A, B) Asterisks indicate statistical significance in
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the 95% confidence interval relative to medium alone by two-way ANOVA, treatment
groups with a different number of asterisks are also significantly different from each
another. (C) Whole-cell lysates were prepared from macrophages treated as indicated for 24
h. Proteins were separated by SDS-PAGE and immunoblotted for IL-18R and -y-actin as
described in Materials and Methods. The ratio of IL18R /actin band intensity was expressed
relative to medium alone. An image representative of two experiments is shown.
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Figure4.

IL-18 is important for optimal production of IFN-y. Human macrophages were treated with
IL-12+sIL-27R or medium alone and infected with MTB (MOI 1) as indicated. Prior to
infection by MTB neutralizing or isotype control antibodies (1 g/ml) were added as
indicated. Supernatants were collected at 72 h and IFN-y concentrations determined by
ELISA. Data are presented as the means of triplicate samples from five experiments + SEM.
ND indicates below the limit of detection. A two-way ANOVA was used to establish
statistical significance in the 95% confidence interval for the comparison indicated.
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TNF enhances expression of the IFN-y-receptor. Macrophages were stimulated with TNF
(10 ng/mL) in the presence or absence of MTB. (A) Quantitative analysis of IFNGR2 gene
expression at 4 h is presented as the mean log, change in gene expression of triplicate
samples = SEM for three experiments. VValues were normalized to the mean expression of
GAPDH within a triplicate sample group and expressed relative to that of medium alone. (B)
Macrophages were harvested at 6 h and immunolabeled for surface receptors. The MFI for
the cell population corresponding to each treatment condition was normalized to medium
alone. The mean data from three separate experiments is shown. (A, B) Asterisks indicate
statistical significance in the 95% confidence interval relative to medium alone by two-way
ANOVA. (C, D) Macrophages were treated with (T) or without TNF (M) and infected with
MTB for 6 h as indicated. (C) Whole-cell lysates were prepared and separated by SDS-
PAGE and immunoblotted for IFNGR2 or actin as described in Materials and Methods. The
ratio of IFNGR2/actin band intensity was expressed relative to medium alone. An image
representative of two experiments is shown. (D) IFN-y (25ng/mL) was supplied where
indicated for an additional hour and whole-cell lysates were prepared. Proteins were

Cytokine. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Robinson et al.

Page 20
separated by SDS-PAGE and immunoblotted for phosphorylated or total Stat-1. The ratio of

phosphof/total Stat-1 band intensity was expressed relative to medium alone and indicated
for each condition. An image representative of three experiments is shown.
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IL-12 and IL-27 regulate the macrophage activation state. (A) Human macrophages were
stimulated with IL-4 or LPS as indicated for 72 h. Quantitative analysis of argZ, nos2, and
mrel transcripts is presented as the mean log, gene expression £ SEM for three
experiments. Values were normalized to the mean expression of GAPDH within a triplicate
sample group and expressed relative to that of medium alone. An asterisk indicates the
change in gene expression is statistically significant in the 95% confidence interval as

determined by two-way ANOVA. (B, C) Human macrophages were stimulated with

IL-12+sIL-27R or medium alone and then infected with MTB. (B) Quantitative analysis of
transcripts is presented as the mean log, gene expression in response to IL-12+sIL-27R as
compared with medium alone during infection + SEM for three experiments. VValues were

normalized to the mean expression of GAPDH within a triplicate sample group and

expressed relative to that of medium alone during infection. An asterisk indicates the change
in gene expression is statistically significant in the 95% confidence interval as determined
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by ANOVA. (C) The NOS2 inhibitors L-NAME (2 mM) or L-NIL (2 mM) were added prior
to infection. Data is represented as the mean CFUs recovered from infected macrophages +
SE at 72 h for an individual experiment. A student’s t test was used to establish statistical
significance in the 95% confidence interval between individual sample groups as indicated.
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Figure?7.

NOS2 and ARGL1 expression during infection. Human macrophages were stimulated with
IL-12+sIL-27R or medium alone and then infected with MTB mc27000 for 72 h. (A)
Macrophages were fixed, permeabilized, immunolabeled as indicated, and visualized by
confocal microscopy. NOS2 or ARGL1 (green) localization is shown independently and
relative to the DAPI stained nucleus in the merged image. Images shown are representative
findings from two separate experiments. (B) The MFI was calculated using image J software
and the mean of 10 fields of view per treatment condition + SE is shown.
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Figure8.

Cytokine interactions that influence MTB growth in human macrophages. IL-27 negatively
regulates production of IFN-y, TNF, and IL-18 signaling through expression of the IL-18R.
IFN-y, TNF, and IL-18 interact to positively influence one another as described here. A
sliding scale of macrophage activation that is influenced by these cytokine interactions is
depicted. Positive (+) and negative (=) regulation are indicated accordingly.
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Changes in M1 cytokine production

Condition ”:N_ya,b TNF-a&C

B 05+04  636+383

IL-124sIL-27R+TB 122 +32 944 + 406

aCytokine concentration (pg/mL) in culture supernatants at 72h as determined by ELISA.
bData represents the mean + SEM for 10 combined experiments.

c . .
Data represents the mean + SEM for 4 combined experiments.

Cytokine. Author manuscript; available in PMC 2013 October 01.

Page 25



