
of February 10, 2020.
This information is current as

 InfectionMycobacterium tuberculosis
The Phagocyte Oxidase Controls Tolerance to

Christopher M. Sassetti
Andrew J. Olive, Clare M. Smith, Michael C. Kiritsy and

http://www.jimmunol.org/content/201/6/1705
doi: 10.4049/jimmunol.1800202
July 2018;

2018; 201:1705-1716; Prepublished online 30J Immunol 

Material
Supplementary

2.DCSupplemental
http://www.jimmunol.org/content/suppl/2018/07/27/jimmunol.180020

References
http://www.jimmunol.org/content/201/6/1705.full#ref-list-1

, 24 of which you can access for free at: cites 69 articlesThis article 

        average*
   

 4 weeks from acceptance to publicationFast Publication! •  
   

 Every submission reviewed by practicing scientistsNo Triage! •  
   

 from submission to initial decisionRapid Reviews! 30 days* •  
   

Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists, Inc. All rights reserved.
Copyright © 2018 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 at D
uke M

ed L
ib Serials D

ept on February 10, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 
 at D

uke M
ed L

ib Serials D
ept on February 10, 2020

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/cgi/adclick/?ad=54603&adclick=true&url=https%3A%2F%2Fautoimmune.htgmolecular.com%2F
http://www.jimmunol.org/content/201/6/1705
http://www.jimmunol.org/content/suppl/2018/07/27/jimmunol.1800202.DCSupplemental
http://www.jimmunol.org/content/suppl/2018/07/27/jimmunol.1800202.DCSupplemental
http://www.jimmunol.org/content/201/6/1705.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


The Journal of Immunology

The Phagocyte Oxidase Controls Tolerance to Mycobacterium
tuberculosis Infection

Andrew J. Olive,1 Clare M. Smith, Michael C. Kiritsy, and Christopher M. Sassetti

Protection from infectious disease relies on two distinct strategies: antimicrobial resistance directly inhibits pathogen growth,

whereas infection tolerance protects from the negative impact of infection on host health. A single immune mediator can differ-

entially contribute to these strategies in distinct contexts, confounding our understanding of protection to different pathogens. For

example, the NADPH-dependent phagocyte oxidase (Phox) complex produces antimicrobial superoxide and protects from tuber-

culosis (TB) in humans. However, Phox-deficient mice display no sustained resistance defects to Mycobacterium tuberculosis,

suggesting a more complicated role for NADPH Phox complex than strictly controlling bacterial growth. We examined the

mechanisms by which Phox contributes to protection from TB and found that mice lacking the Cybb subunit of Phox suffered

from a specific defect in tolerance, which was caused by unregulated Caspase-1 activation, IL-1b production, and neutrophil

influx into the lung. These studies imply that a defect in tolerance alone is sufficient to compromise immunity to M. tuberculosis

and highlight a central role for Phox and Caspase-1 in regulating TB disease progression. The Journal of Immunology, 2018, 201:

1705–1716.

P
rotective defense to infectious disease involves function-
ally overlapping responses that can be divided into two
fundamentally different categories (1, 2). Infection resis-

tance refers to functions that directly target the infecting pathogen
to prevent its growth and dissemination. Resistance pathways act
by a variety of mechanisms, including disrupting the bacterial
niche, serving as metabolic poisons, and sequestering critical
nutrients (3–5). In addition, the extent of disease is also influenced
by tolerance strategies that enhance host survival but do not
directly impact pathogen growth (6–8). Tolerance pathways con-
trol a broad range of functions that protect the infected tissues
from the direct cytotoxic properties of the pathogen as well as
inflammation-mediated immunopathologic condition and enhance
the overall health of the host in the face of an ongoing infection.
Although it is well appreciated that both resistance and tolerance
mechanisms are required to limit disease, the relative importance
of these pathways vary for different infections (1). Furthermore,
because individual immune effectors can promote both tolerance
and resistance, the specific role for each mediator can change in

different contexts (1, 6, 9–11). In the context of chronic infections,
where resistance mechanisms are insufficient and the pathogen
persists in the tissue, tolerance is likely to play a particularly
important role (11).
Like many other chronic infections, the outcome of an encounter

with Mycobacterium tuberculosis varies dramatically between
individuals (12). Only 5–10% of those that are infected with this
pathogen progress to active tuberculosis (TB), and disease pro-
gression is influenced by a wide variety of genetic and environ-
mental factors that modulate either tolerance or resistance (13–15).
For example, observations from humans and mice indicate that
several specific changes in T cell function may contribute to a
failure of resistance and disease progression caused by loss of
antimicrobial resistance (16–18). In addition, studies in animal
models indicate that a failure of host tolerance, which is nec-
essary to preserve lung function or granuloma structure, influences
the extent of disease (19, 20). Although these studies suggest that
variation in overall tolerance may be an important determinant
TB risk, the specific tolerance mechanisms that influence disease
progression in natural populations remain ill defined. Furthermore,
because most immune mediators are pleiotropic and affect both
tolerance and resistance, it remains unclear if a specific failure of
tolerance alone can promote TB disease progression.
During many bacterial infections, the production of reactive

oxygen species (ROS) by the NADPH phagocyte oxidase (Phox)
is involved in protecting the host from disease (21). Phox is a
multiprotein complex, including the subunits Cybb (gp91) and
Ncf1 (p47) that assemble in activated immune cells to produce
superoxide radicals by transferring electrons from NADPH to
molecular oxygen (22). Humans with deleterious mutations in
the Phox complex develop a clinical syndrome known as chronic
granulomatous disease (CGD). Leukocytes from patients with
CGD are unable to kill a number of bacterial pathogens, such as
Staphylococcus aureus and Serratia marcescens, and this defect
is associated with the susceptibility to infection with these or-
ganisms (23). Because ROS contributes to the microbicidal ac-
tivity of phagocytes, previous studies in M. tuberculosis–infected
mice focused on the role of Phox in antimicrobial resistance.
Several such studies found that mice deficient in Phox show no
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FIGURE 1. Anti-inflammatory activity of Cybb protects mice from TB disease. (A) Following low-dose aerosol infection (day 0 of ∼50–100 CFU), total
bacterial burden (expressed in CFU, mean 6 SD) was determined in the lungs of wild type or Cybb2/2 mice at the indicated time points with four to five

mice per group. (B) Percentage weight loss (mean change6 SD) from day 0 to day 100 was determined for wild type and Cybb2/2 mice. Representative of

two experiments with three to five mice per group. (C) Immunohistochemical staining for H&E is shown for representative lung sections from wild type and

Cybb2/2 mice at 8 wk postinfection at original magnification 320. (D) Representative flow cytometry plot showing increased Ly6G+ CD11b+ neutrophil

recruitment to the lungs of Cybb2/2 mice 4 wk postinfection (gated on live/singlets/CD45+). (E) Quantification of neutrophil recruitment to the lungs at

the indicated time points postinfection for wild type and Cybb2/2 mice is shown as absolute number of Ly6G+ CD11b+ cells per lung (mean 6 SD).

Representative of four experiments with three to five mice per group. *p, 0.05, unpaired two-tailed t test. (F) Lung homogenates (Figure legend continues)
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long-term differences in M. tuberculosis bacterial levels compared
with wild type animals (24–26). Cooper et al. (24) observed a tran-
sient increase in bacterial numbers between 15 and 30 d postinfection
of Ncf12/2 mice, but this difference was not sustained. Two subse-
quent studies found that no difference inM. tuberculosis burden could
be attributed to Cybb deficiency (25, 26). The lack of an obvious
antimicrobial role for Phox during M. tuberculosis infection is likely
due to the expression of mycobacterial ROS defenses. These defenses
include the catalase/peroxidase KatG, which detoxifies ROS directly,
and the MRC complex that detoxifies a variety of radicals (26–29).
Together, these bacterial defense mechanisms may allow M. tubercu-
losis to withstand the oxidative killing mechanisms (30). In contrast to
the apparent dispensability of Phox in short-term mouse infections with
M. tuberculosis, human mutations in the Cybb gene are strongly as-
sociated with susceptibility to mycobacterial diseases, including TB
(31–35). Mutations that specifically reduce Cybb activity in macro-
phages produce a similar clinical presentation, highlighting the im-
portance of the macrophage-derived ROS in protection (31). Taken
together, although Phox is clearly important for controlling mycobac-
terial diseases, including TB, the absence of long-term resistance de-
fects inM. tuberculosis–infected mice suggests that the Phox may play
a more complex role than simply limiting bacterial replication.
In this study, we examined the mechanisms of Phox-mediated

protection in the context of M. tuberculosis infection. We found
that loss of the Phox subunit Cybb does not alter the growth or
survival of M. tuberculosis during infection. Instead, Cybb2/2

animals suffered from a hyperinflammatory disease caused by
increased activation of the NLRP3-dependent Caspase-1 inflam-
masome and IL-1–dependent neutrophil accumulation in the lung.
Thus, the protective effect of Phox can be solely attributed to
increased tolerance to M. tuberculosis infection instead of a direct
antimicrobial effect. These studies provide a mechanism to ex-
plain the association between Phox expression and TB disease in
natural populations and implicate control of Caspase-1 activation
as an important regulator of infection tolerance.

Materials and Methods
Mice

C57BL/6J (stock no. 000664), Cybb2/2 (B6.129S-Cybbtm1Din/J stock
no. 002365), Nos22/2 (B6.129P2-Nos2tm1Lau/j, stock no. 002609), and
B6.SJL-Ptprca Pepcb carrying the pan leukocyte marker CD45.1 (stock
no. 002014) were purchased from The Jackson Laboratory. Mice were
housed under specific pathogen-free conditions and in accordance with
the University of Massachusetts Medical School Institutional Animal
Care and Use Committee guidelines. All animals used for experiments
were 6–12-wk except mixed chimeras that were infected at 16-wk
following 8 wk of reconstitution.

Mouse infection

Wild type M. tuberculosis strain H37Rv was used for all studies unless in-
dicated. This strain was confirmed to be PDIM-positive. Prior to infection,
bacteria were cultured in 7H9 medium containing 10% oleic albumin dex-
trose catalase growth supplement enrichment (Becton Dickinson) and 0.05%

Tween-80. H37Rv expressing sfYFP has been previously described, and
the episomal plasmid was maintained with selection in hygromycin B
(50 mg/ml) added to the media (10). For low- and high-dose aerosol in-
fections, bacteria were resuspended in PBS containing Tween-80. Prior to
infection, bacteria were sonicated and then delivered via the respiratory
route using an aerosol generation device (Glas-Col). Infections of mice
with the streptomycin-dependent strain of M. tuberculosis (18b) have been
previously described (36). In short, mice were infected via intratracheal
infection and treated daily with 2 mg of streptomycin for 2 wk. For
anti–IL-1R treatment, mice were injected with 200 mg of anti–IL-1R Ab or
Isotype control (Bio X Cell) every other day starting at day 14. Both male
and female mice were used throughout the study, and no significant
differences in phenotypes were observed between sexes.

Immunohistochemistry

Lungs from indicated mice were inflated with 10% buffered formalin and
fixed for at least 24 h, then embedded in paraffin. Five-micrometer–thick
sections were stained with H&E. All staining was done by the Diabetes
and Endocrinology Research Center Morphology Core at the University of
Massachusetts Medical School.

Flow cytometry

Lung tissue was harvested in DMEM containing FBS and placed in C Tubes
(Miltenyi Biotec). Collagenase Type IV/DNase I was added, and tissues were
dissociated for 10 s on a gentleMACS system (Miltenyi Biotec). Tissues
were incubated for 30 min at 37˚C with oscillations and then dissociated for
an additional 30 s on a gentleMACS. Lung homogenates were passaged
through a 70-mm filter or saved for subsequent analysis. Cell suspensions
were washed in DMEM, passed through a 40-mm filter, and aliquoted into
96-well plates for flow cytometry staining. Nonspecific Ab binding was first
blocked using Fc Block. Cells were then stained with anti–Ly-6G Pacific
Blue, anti-CD4 Pacific Blue, anti-CD11b PE, anti-CD11c APC, anti–Ly-6C
APC-Cy7, anti-CD45.2 PercP Cy5.5, anti-CD3 FITC, anti-CD8 APC-Cy7,
and anti-B220 PE-Cy7 (BioLegend). Live cells were identified using LIVE/
DEAD Fixable Aqua (Life Technologies). For infections with fluorescent
H37Rv, lung tissue was prepared as above, but no Abs were used in the FITC
channel. All of these experiments contained a nonfluorescent H37Rv in-
fection control to identify infected cells. Cells were stained for 30 min at
room temperature and fixed in 1% paraformaldehyde for 60 min. All flow
cytometry was run on a MACSQuant Analyzer 10 (Miltenyi Biotec) and was
analyzed using FlowJo V9 (Treestar).

Macrophage and dendritic cell generation

To generate bone marrow–derived macrophages (BMDMs), marrow was
isolated from femurs and tibia of age- and sex-matched mice. Cells were
then incubated in DMEM (Sigma-Aldrich) containing 10% FBS and 20%
L929 supernatant. Three days later, media were exchanged with fresh
media, and 7 d postisolation, cells were lifted with PBS-EDTA and seeded
in DMEM containing 10% FBS for experiments.

To generate bone marrow–derived dendritic cells (BMDCs), marrow
was isolated from femurs and tibia of age- and sex-matched mice. Cells
were then incubated in IMDM media (Life Technologies) containing 10%
FBS, L-Glutamine, 2 mM of 2-ME, and 10% B16–GM-CSF supernatant
(37). BMDCs were then purified on day 6 using Miltenyi Biotec LS
Columns first using negative selection for F480 followed by CD11c positive
selection. Cells were then plated and infected the following day.

Macrophage and dendritic cell infection

M. tuberculosis orM. bovis bacillus Calmette–Guérin (BCG) were cultured
in 7H9 medium containing 10% oleic albumin dextrose catalase growth

from wild type or Cybb2/2 mice infected for the indicated time were probed for the cytokines IL-1b, IFN-g, and TNF-a by ELISA (mean 6 SD). Results

shown in (A)–(D) are representative of three independent experiments with three to five mice per group. **p , 0.01, unpaired two-tailed t test. (G) Survival

of infected wild type and Cybb2/2 and uninfected Cybb2/2 mice was determined following high-dose infection. Data are representative of two independent

experiments with 14–15 mice per group. ***p , 0.001, Mantel–Cox text. (H) Fifty days following high-dose aerosol infection (day 0 of 5000–7500 CFU),

total bacterial burden (expressed in CFU, mean6 SD) was determined in the lungs and spleen of wild type or Cybb2/2 mice. Data are representative of two

experiments with four to five mice per group. (I) Representative flow cytometry plot showing increased Ly6G+ CD11b+ neutrophil recruitment to the lungs

of Cybb2/2 mice 50 d postinfection (gated on live/singlets/CD45+). (J) Quantification of the absolute number of neutrophils recruited to the lungs 50 d

following high-dose infection for wild type and Cybb2/2 mice is shown (mean 6 SD). Representative of two experiments with five mice per group.

**p , 0.01, one-way ANOVAwith Tukey correction. (K) Lung homogenates from uninfected Cybb2/2 mice and wild type or Cybb2/2 mice infected for

50 d following high-dose aerosol were probed for IL-1b by ELISA (mean 6 SD). **p , 0.01, unpaired two-tailed t test. Results shown in (G)–(J) are

representative of two independent experiments with five mice per group. **p , 0.01, unpaired two-tailed t test.
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FIGURE 2. The primary protective role of Cybb is anti-inflammatory. (A) Schematic for the generation of mixed bone marrow chimeras. Mixed bone

marrow chimeras were infected by low-dose aerosol with either H37Rv or DKatG mutant. Five weeks postinfection, CFU levels were determined in purified

hematopoietic cells of indicated genotypes. (B) Shown are the normalized CFU per sorted cells in each population from each mouse. *p , 0.05, unpaired

two-tailed t test. (C) The fold increase of bacterial levels in CD45.2+ cells (experimental) compared with CD45.1+ cells (wild type control) (mean 6 SD).

The results in (B) and (C) are representative of three independent experiments with three to four mice per group. (D) Schematic for streptomycin-dependent

infection. Wild type and Cybb2/2 mice were infected intratracheally with M. tuberculosis strain 18b and treated for 2 wk daily (Figure legend continues)
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supplement enrichment (Becton Dickinson) and 0.05% Tween 80. Before
infection, cultures were washed in PBS-Tween, resuspended in DMEM
containing 10% FBS, and passed through a 5-mm filter to ensure single
cells. Multiplicity of infection was determined by OD with an OD of one
being equivalent to 3 3 108 bacteria/ml. Bacteria were added to macro-
phages for 4 h, then cells were washed with PBS, and fresh media were
added. At the indicated time points, supernatants were harvested for cy-
tokine analysis, and the cells were processed for further analysis. Cell
death was assessed using CellTiter-Glo Luminescent Cell Viability Assay
(Promega) following manufacturer’s instructions. For inhibitor treatments,
cells were treated with the indicated concentrations of IFN-g (PeproTech),
MCC950 (Adipogen), VX-765 (InvivoGen), or vehicle control overnight
prior to infection and maintained in the media throughout the experiment.

Mixed bone marrow chimera generation and cell sorting

Mixed bone marrow chimera experiments were done essentially as pre-
viously described (10). Wild type CD45.1+ mice were lethally irradiated
with two doses of 600 rad. The following day, bone marrow from CD45.1+

wild type mice and CD45.2+ knockout mice (wild type or Cybb2/2) was
isolated, RBCs were lysed using Tris-buffered ammonium chloride, and
the remaining cells were quantified using a hemocytometer. CD45.1+ and
CD45.2+ cells were then mixed equally at a 1:1 ratio, and 107 cells from
this mixture were injected i.v. into lethally irradiated hosts that were placed
on sulfatrim for 3 wk. Eight weeks later, mice were then infected by low-
dose aerosol with M. tuberculosis H37Rv. Four weeks postinfection, the
lungs of chimera mice were processed for flow cytometry. An aliquot of
this suspension was saved for flow cytometry analysis of the lung pop-
ulation and overall bacterial levels. The remaining cells were split equally
and stained with either anti-CD45.1 APC or anti-CD45.2 PE. Stained
populations were then incubated with either anti-APC or anti-PE magnetic
beads (Miltenyi Biotec) following the manufacturer’s instructions and
sorted using LS Columns (Miltenyi Biotec). Purified cells were divided
equally and then plated for M. tuberculosis on 7H10 agar or counted and
stained for analysis of cellular purity. Cells from the input homogenate,
flow through, and the positive sort fractions were stained for purity with anti–
CD45.1 APC, anti–CD.45.2 PE, and anti–CD11b Pacific Blue (BioLegend).
Samples with .90% purity were used for subsequent analysis. At 21 d
after plating, colonies were enumerated, and the M. tuberculosis levels per
sorted cells were determined.

Quantitative real-time PCR

Cells were lysed in TRIzol LS (Thermo Fisher Scientific), and RNA was
purified using Direct-zol RNA Isolation Kits (Zymogen) and quantified on
NanoDrop. RNAwas diluted to 5 ng/ml, and 25 ng of total RNAwas used
for each reaction. Ct values for each sample were determined in technical
duplicates for b-Actin and IL-1b using OneStep RT-PCR Kit (Qiagen) on
a Viia7 Real-Time PCR System (Life Technologies). DD Cycle threshold
values were then determined for each sample.

Immunoblotting, immunoblotting quantification, and
cytokine quantification

Murine cytokine concentrations in culture supernatants and cell-free lung
homogenates were quantified using commercial ELISA kits (R&D Sys-
tems). All samples were normalized for total protein content. Caspase-1
activation in macrophage lysates was determined by Western blotting with
Caspase-1 Ab purchased from Adipogen. Immunoblots were quantified
using ImageJ software.

Results
Cybb2/2 mice are susceptible to TB disease but maintain
control of bacterial replication

To examine the role of Phox in mediating protection against
M. tuberculosis, we compared disease progression and the im-
mune responses in wild type and Cybb2/2 C57BL/6 mice postin-
fection via aerosol with 50–100 bacteria. We found no significant
difference in the survival or bacterial levels in the lung between
groups of mice up to 3 mo postinfection, confirming that Cybb is
not required for surviving the early stages of M. tuberculosis in-
fection (Fig. 1A, Supplemental Fig. 1). However, after 100 d of
infection, Cybb2/2-infected mice lost an average of 10% of their
body weight, whereas wild type animals gained weight (Fig. 1B).
Histopathological inspection of the lungs indicated a difference
in disease between these groups, with Cybb2/2 lungs containing
larger and less organized lesions than wild type (Fig. 1C). These
data suggested that wild type and Cybb2/2 animals might tol-
erate M. tuberculosis infection differently even while harboring
identical levels of bacteria.
To dissect the mechanisms controlling tolerance toM. tuberculosis

disease in Cybb2/2 mice, we profiled the infected lungs of animals
during infection by flow cytometry. We found no significant
differences in the numbers of dendritic cells, macrophages,
or B cells as well as total and activated T cells between wild
type and Cybb2/2 mice (Supplemental Fig. 1). In contrast, we
observed an early and sustained increase of Ly6G+ CD11b+

neutrophils in the infected lungs of Cybb2/2 mice (Fig. 1D, 1E).
A 3–5-fold increase in the total number of neutrophils was
observed as early as 4 wk postinfection and was maintained
throughout the 12-wk study.
The cytokine IL-1b promotes neutrophil-mediated disease

duringM. tuberculosis infection of other susceptible mouse strains
(10, 36). Similarly, when we assayed cytokine levels in lung ho-
mogenates, we noted a dramatic and specific increase in IL-1b
concentration in Cybb2/2 animals compared with wild type at all
time points (Fig. 1F). In contrast, no significant differences were
noted for IFN-g or TNF-a at any time point between groups
(Fig. 1F). Thus, although the adaptive immune response to
M. tuberculosis appeared to be intact, Cybb2/2 animals produced
excess IL-1b, and the concentration of this cytokine correlated
with neutrophil infiltration into the lung.
Previous studies have shown that following low-dose aerosol

infection, mice deficient in Phox (both Cybb2/2 or Ncf12/2)
survive for at least 60 d (24, 25). However, longer infection is
likely necessary to determine whether the enhanced disease we
noted in Cybb2/2 mice would result in a survival defect. These
long-term survival experiments following low-dose aerosol proved
difficult because uninfected Cybb2/2 mice develop arthritis as

with streptomycin. Mice were then removed from streptomycin for 3 wk halting active growth of the bacteria. (E) Five weeks postinfection, the total levels of

viable M. tuberculosis in the lungs was determined by CFU plating on streptomycin (mean 6 SD). (F) Percentage weight loss (mean change 6 SD) from

day 0 to day 35 was determined for wild type and Cybb2/2 mice. (G) Representative flow cytometry plot showing increased Ly6G+ CD11b+ neutrophil

recruitment to the lungs of Cybb2/2 mice 5 wk postinfection (gated on live/singlets/CD45+). (H) Quantification of neutrophil recruitment to the lungs at the

indicated time points postinfection for wild type and Cybb2/2 mice is shown as absolute number of Ly6G+ CD11b+ cells per lung (mean 6 SD). Data in

(E)–(H) are representative of four independent experiments with four to five mice per group. *p , 0.05, unpaired two-tailed t test. (I) Lung homogenates

from wild type or Cybb2/2 mice infected with 18b were probed for IL-1b by ELISA (mean 6 SD). **p , 0.01, unpaired two-tailed t test. (J) Following

low-dose aerosol infection with sfYFP H37Rv (day 0 of ∼50–100 CFU), total bacterial burden (expressed in CFU, mean6 SD) was determined in the lungs

of wild type, Cybb2/2, or Nos22/2 mice 4 wk postinfection. **p , 0.01, one-way ANOVA with Tukey correction. (K) Shown are representative flow

cytometry plots from each genotype of total Ly6G+ CD11b+ cells in the infected lungs. (L) Quantification of total neutrophil recruitment to the lungs of the

indicated genotypes 4 wk postinfection (mean 6 SD). **p , 0.01, *p , 0.05, one-way ANOVAwith Tukey correction. (M) Shown are representative flow

cytometry plots from each genotype of infected (YFP+ Ly6G+ CD11b+) cells in the lung. (N) Enumeration of infected (YFP+) neutrophils (Ly6G+ CD11b+)

or monocytes/macrophages (Ly6G- CD11b+) in the indicated genotypes. Data in (J)–(N) are representative of three independent experiments with three to

five mice per group. *p , 0.05, unpaired two-tailed t test.
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FIGURE 3. Cybb controls Caspase-1 activation in macrophages and dendritic cells duringM. tuberculosis infection. BMDMs or BMDCs from wild type

or Cybb2/2 mice were left untreated or infected with M. tuberculosis for 4 h, then washed with fresh media. Eighteen hours later, supernatants were

harvested, and the levels of (A) and (B) IL-1b and (C) and (D) TNF-a were quantified in the supernatants by ELISA. Shown is the mean of four biological

replicates normalized to a standard curve 6 SD ***p , 0.001, unpaired two-tailed t test. (E) and (F) Viability of remaining cells was determined by

quantifying ATP via luminescence and compared with cells at 4 h postinfection (mean % viability6 SD). Data in (A), (C), and (E) are representative of five

independent experiments with at least three biological replicates per experiment. Data in (B), (D), and (F) are representative of three independent ex-

periments with four biological replicates per experiment. (G). Relative RNA expression of Il1b (compared with b-Actin) was determined from wild type

and Cybb2/2 BMDMs left untreated or infected for 24 h with M. tuberculosis (mean 6 SD) by quantitative real-time PCR. Data are representative of two

independent experiments with three to four biological replicates per group. (H) Immunoblot analysis was used to assess the activation of Caspase-1 from

wild type and Cybb2/2 BMDMs infected for 24 h with M. tuberculosis. Data are representative of three independent experiments with at least three

biological replicates analyzed per experiment. (I) Immunoblots were quantified by comparing the intensity of activated (Figure legend continues)
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they age (38). To avoid this confounder, we quantified the survival
of mice in a shorter term study using a high-dose aerosol infection.
When mice were infected with ∼5000 CFU per animal, Cybb2/2

mice succumbed to disease significantly more rapidly than wild
type animals. Cybb2 /2 mice had a median survival time of
88 d, whereas only two out of 15 wild type mice succumbed
during the 120-d study (Fig. 1G). To distinguish survival effects
not related to M. tuberculosis infection, a cohort of uninfected
age-matched Cybb2/2 mice were maintained for the duration
of the experiment. None of these animals required euthanasia
over the 120 d, and no animals included in this experiment
developed arthritis.
During this high-dose study, we also examined a cohort of mice

50 d postinfection and found identical levels of bacteria in the lungs
and spleen between wild type and Cybb2/2 groups (Fig. 1H).
Consistent with our earlier findings, Cybb2/2 mice showed a
significant increase in neutrophils and IL-1b in the lung (Fig. 1I–K).
We also found minimal levels of IL-1b and neutrophils in
uninfected Cybb2/2 lungs, indicating that these phenotypes
are dependent on M. tuberculosis infection. Therefore, the loss
of Cybb leads to more severe M. tuberculosis disease that is as-
sociated with increased IL-1b levels and neutrophil recruitment,
although the number of viable M. tuberculosis in the lung did not
appear to be affected.

Cybb controls tolerance to M. tuberculosis infection

Our initial results suggested that Cybb protects mice by promoting
tolerance to M. tuberculosis infection rather than directly con-
trolling bacterial replication. However, although viable bacterial
numbers were similar in wild type and Cybb2/2 mice, we could
not rule out that the course of disease was altered by subtle
changes in the dynamics of bacterial growth and death. To more
rigorously address this question, we employed two additional
animal models that allowed us to differentiate tolerance and direct
antimicrobial resistance in vivo.
To more formally exclude the possibility that Cybb alters the

intracellular growth of M. tuberculosis during infection, we used
a previously optimized mixed bone marrow chimera approach
(10). These experiments normalize potential inflammatory dif-
ferences between wild type and Cybb2/2 mice, allowing us to
specifically quantify differences in bacterial control (Fig. 2A).
Irradiated wild type mice were reconstituted with a 1:1 mixture
of CD45.1+ wild type and CD45.2+ Cybb2/2 or wild type cells.
Five weeks postinfection, both CD45.1+ and CD45.2+ cells were
sorted from the lungs, the levels of M. tuberculosis in each ge-
notype were determined by plating, and the purity of populations
was determined by flow cytometry (Fig. 2B, 2C, Supplemental
Fig. 2). We found that the relative abundance of wild type and
Cybb2/2 cells was similarly maintained throughout infection in
both the myeloid and lymphoid compartments, indicating that
Cybb does not alter cellular recruitment or survival in a cell-
autonomous manner. When M. tuberculosis was enumerated
in sorted cells, we found identical levels of H37Rv in wild type
CD45.1+ and Cybb2/2 CD45.2+ populations from the same
mouse, similar to the results from mice, where both populations
were reconstituted with congenically mismatched wild type

cells. In contrast, when chimeric mice were infected with a
ROS-sensitive ΔkatG mutant of M. tuberculosis, we found
higher levels of bacteria in Cybb2/2 cells compared with wild type
cells from the same mouse. These data show that the assay is able
to detect the cell-autonomous antimicrobial activity of ROS against
a KatG-deficient M. tuberculosis strain, but Cybb-dependent
ROS did not restrict the intracellular replication of wild type
M. tuberculosis.
To specifically determine whether the loss of Cybb decreased

tolerance to a given burden of bacteria, wild type and Cybb2/2

mice were infected with a streptomycin- dependent strain of
M. tuberculosis that allows exogenous control of bacterial rep-
lication during infection. Streptomycin is provided for the first
2 wk of infection, allowing the pathogen to reach the burden
observed in a wild type M. tuberculosis infection. Upon
streptomycin withdrawal, the pathogen is unable to replicate
but remains viable and able to drive inflammatory responses
(Fig. 2D) (10, 36, 39). Five weeks postinfection, Cybb2/2 mice
lost more weight than wild type animals while harboring
identical levels of nonreplicating bacteria (Fig. 2E, 2F). Lungs
from Cybb2/2 mice contained significantly more neutrophils
and higher levels of IL-1b compared with wild type animals
(Fig. 2G–I). Thus, even when the need for antimicrobial re-
sistance is obviated by artificially inhibiting bacterial replica-
tion, Cybb2/2 animals continued to exhibit a hyperinflammatory
disease.
The granulocytic inflammation observed in Cybb2/2 mice was

reminiscent of several other susceptible mouse strains. However,
the neutrophil recruitment in other models is generally associated
with a concomitant increase in bacterial growth (40–42) and a
transition of the intracellular M. tuberculosis burden from mac-
rophages to granulocytes (10). We hypothesized that Cybb2/2

mice may be able to retain control of M. tuberculosis replication
because the bacteria remain in macrophages. To test this hy-
pothesis, we used a YFP-expressing M. tuberculosis strain to
compare the distribution of cells harboring bacteria in wild type
and Cybb2/2 mice with Nos22/2 animals in whichM. tuberculosis
replicates to high numbers in association with infiltrating gran-
ulocytes (10). Four weeks postinfection, we found that lungs from
both Cybb2/2 and Nos22/2 mice contain higher levels of IL-1b
and neutrophils than wild type animals, although the loss of
Nos22/2 produced a much more severe phenotype than Cybb2/2

(Fig. 2J–L, Supplemental Fig. 2). However, the cells harboring
M. tuberculosis in these two susceptible mouse strains differed. In
wild type and Cybb2/2 mice, YFP-M. tuberculosis was evenly
distributed between CD11b+/Ly6G+ neutrophils and the CD11b+

/Ly6G2 population that consists of macrophages and dendritic
cells (43). This proportion was dramatically altered in Nos22/2

mice, where close to 90% of bacteria were found in the neutrophil
compartment (Fig. 2M, 2N). Thus, unlike other susceptible mouse
models, the loss of Cybb does not alter bacterial replication or
the distribution of M. tuberculosis in different myeloid subsets.
Instead, this gene plays a specific role in controlling IL-1b activation,
neutrophil recruitment to the infected lung, and disease progression.
As a result, we conclude that Cybb specifically promotes tolerance to
M. tuberculosis infection.

p20–Caspase-1 to total pro–Caspase-1 bands. Quantification was done on three biological replicates. *p, 0.05, unpaired two-tailed t test. (J) Relative RNA

expression of Il1b (compared with Actb) was determined from wild type and Cybb2/2 BMDMs left untreated or treated with Pam3CSK4 for 24 h (mean6 SD)

by quantitative real-time PCR. Data are representative of two independent experiments with three to four biological replicates per group. (K) Wild type and

Cybb2/2 BMDMs were left untreated or treated with PAM3CSK4 for 12 h, supernatants were harvested, and the levels of IL-1b were quantified by ELISA

(mean 6 SD). Data are representative of three independent experiments with four biological replicates per experiment. **p , 0.01, unpaired two-tailed

t test.
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FIGURE 4. Hyperinflammation in Cybb2/2 is reversed by inflammasome and IL-1 inhibition. (A) Wild type (black bars) and Cybb2/2 (gray bars)

BMDMs were left untreated or treated with the indicated concentrations of IFN-g for 12 h. Cells were then infected with M. tuberculosis for 4 h, then

washed with fresh media. Eighteen hours later, supernatants were harvested, and levels of IL-1b from each condition were quantified by ELISA (mean6 SD).

Data are representative of three independent experiments with at least three biological replicates per experiment. **p , 0.01, one-way ANOVAwith Tukey

correction. (B) Wild type and Cybb2/2 BMDMs were left untreated or treated with the indicated concentrations of MCC950 for 2 h. Cells were then

infected with M. tuberculosis for 4 h, then washed with fresh media with inhibitor. Eighteen hours later, supernatants were harvested, and levels of IL-1b

from each condition were quantified by ELISA (mean 6 SD). Data are representative of three independent experiments with at least three biological

replicates per experiment. **p , 0.01, one-way ANOVAwith Tukey correction. (C) Wild type and Cybb2/2 BMDMs were left untreated or treated with

the indicated concentrations of VX-765 for 2 h. Cells were then infected with M. tuberculosis for 4 h, then washed with fresh media with inhibitor.

Eighteen hours later, supernatants were harvested, and levels of IL-1b from each condition were quantified by ELISA (mean 6 SD). Data are repre-

sentative of three independent experiments with at least three biological replicates per experiment. **p , 0.01, one-way ANOVAwith Tukey correction.

(D) Relative RNA expression of IL-1b (compared with b-Actin) was determined from wild type and Cybb2/2 BMDMs left infected for 24 h with

M. tuberculosis in the presence or absence of the indicated inhibitors (mean 6 SD) by quantitative real-time PCR. Data are representative of two experiments

with four biological replicates per group. (E) Wild type and Cybb2/2 BMDMs were left untreated or treated with 25 ng/ml (Figure legend continues)
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Enhanced IL-1b activation by Cybb2/2 macrophages and
dendritic cells is caused by deregulated Caspase-1
inflammasome activation

To investigate the mechanism underlying increased IL-1b pro-
duction in Cybb2/2 mice, we quantified the release of mature
cytokine from BMDMs and BMDCs. Compared with wild type,
we found that Cybb2/2 BMDMs and BMDCs produced 4–5-fold
more IL-1b after 24 h of M. tuberculosis infection (Fig. 3A, 3B).
Under these conditions, wild type and Cybb2/2 cells remained
equally viable and produced equivalent amounts of TNF (Fig. 3C–F),
suggesting that the effect of Cybb on IL-1b activation was specific
to this cytokine.
The release of mature IL-1b requires two distinct signals (44).

The first signal induces the expression of Il1b mRNA and sub-
sequent translation of pro–IL-1b, and a second signal activates
Caspase-1, which is necessary for the processing and secretion of
mature IL-1b. To understand what step of IL-1b production was
altered in Cybb2/2 cells, we quantified these two signals. The
expression of Il1b mRNA in uninfected and infected BMDMs was
unchanged between wild type and Cybb2/2 BMDMs (Fig. 3G). In
contrast, under the same conditions, the processing of Caspase-1
to its active form was increased in infected Cybb2/2 BMDMs
compared with wild type cells (Fig. 3H, 3I).
These observations suggested that Caspase-1 activity is increased

in Cybb2/2 cells, which could allow mature IL-1b secretion in the
absence of an inflammasome activator. To test this hypothesis,
we stimulated cells with the TLR2 agonist PAM3CSK4 to in-
duce pro–IL-1b expression. PAM3CSK4 stimulation induced
Il1b mRNA to similar levels between wild type and Cybb2 /2

BMDMs, albeit over 100 times higher than infection with
M. tuberculosis (Fig. 3J). In wild type cells, this induction of
Il1b expression produced little mature IL-1b secretion, consis-
tent with the need for subsequent inflammasome activation. In
contrast, induction of Il1b expression led to robust secretion of
mature IL-1b from Cybb2/2 BMDM, consistent with unregu-
lated inflammasome activity in these cells (Fig. 3K). Together,
these data show that loss of Cybb leads to hyperactivation of
Caspase-1 and increased release of IL-1b during M. tuberculosis
infection of both BMDMs and BMDCs.

Loss of tolerance is reversed in Cybb2/2 macrophages and
mice by blocking the production or activity of IL-1b

The NLRP3 inflammasome consists of NLRP3, ASC, and Caspase-1.
Although this complex is generally responsible for IL-1b pro-
cessing in M. tuberculosis–infected macrophages (45, 46), it
remained unclear whether the enhanced IL-1b secretion from
Cybb2/2 cells also relied on these components. To identify the
responsible complex, we blocked the activation of the NLRP3
inflammasome in several distinct ways. The NLRP3 inflam-
masome is specifically inhibited by IFN-g stimulation via the
NO-dependent nitrosylation of the NLRP3 protein (36). Pre-
treatment of wild type and Cybb2/2 BMDMs with various
concentrations of IFN-g inhibited the secretion of mature IL-1b

from both wild type and Cybb2/2 BMDMs compared with un-
treated cells. Although this result indicated an important role for
NLRP3, IFN-g pretreatment did not completely suppress IL-1b
secretion, and there remained significant differences in the IL-1b
release between Cybb2/2 and wild type cells at all concentrations
of the cytokine (Fig. 4A).
To more directly assess the role of NLRP3 and Caspase-1 in IL-1b

maturation in Cybb2/2 cells, we employed specific small molecule
inhibitors. Treatment ofM. tuberculosis–infected BMDMs with either
the NLRP3 inhibitor MCC950 (45) or the Caspase-1 inhibitor
VX-765 (47) caused a dramatic reduction in IL-1b in both wild
type and Cybb2/2 BMDMs compared with untreated cells
(Fig. 4B, 4C). This 10-fold decrease in IL-1b secretion could
not be attributed to inhibition of pro–IL-1b levels, as none of
these inhibitors affected Il1b mRNA by more than 2-fold.
Similarly, the spontaneous IL-1b secretion observed upon
PAM3CSK4 stimulation was also inhibited by MCC950 and
IFN-g (Fig. 4E). In each case, inflammasome inhibition re-
duced IL-1b secretion to the same level in both wild type and
Cybb2/2 cells, indicating that the NLRP3 inflammasome was
responsible for the enhanced processing and secretion of this
cytokine in Cybb2/2 BMDM.
Based on these studies, we hypothesized that the tolerance defect

observed in the intact mouse was due to inflammasome-dependent
IL-1 signaling. The contributions of IL-1b during M. tuberculosis
infection are complex (48, 49). Production of this cytokine is
important for antimicrobial immunity, but persistent IL-1 signal-
ing can promote pathologic condition. To focus on the role of
overproduction of IL-1b on tolerance, we inhibited IL-1 signaling
in mice infected with nonreplicating streptomycin-dependent
M. tuberculosis to normalize the bacterial burden. Two weeks
postinfection, wild type and Cybb2/2 mice were treated with ei-
ther an isotype control Ab or an anti–IL-1R Ab to block the effect
of increased IL-1b activity. As expected, M. tuberculosis levels
were similar in all mice, but more neutrophils accumulated in
the lungs of Cybb2/2 animals (Fig. 4F–H). Although anti–IL-1R
treatment had no effect in wild type animals, inhibition of
IL-1 signaling reduced neutrophil infiltration in Cybb2/2 mice
to the level observed in wild type animals. Taken together, our
data show that Cybb2/2 contributes to protective immunity to
M. tuberculosis not by controlling bacterial replication but
instead by preventing an IL-1–dependent inflammatory re-
sponse that increases neutrophil recruitment to the lung and
exacerbates disease progression.

Discussion
The role of the Phox complex in protection from TB has presented a
paradox (34). Based on the well-described antimicrobial properties
of Phox-derived ROS, previous studies have focused on examining
the function of Phox components in controlling M. tuberculosis
replication in mice (24, 25, 50). The lack of long-term differences
in bacterial levels observed in these studies suggested that Phox
may not play a strong antimicrobial role during M. tuberculosis

IFN-g or 1 mM MCC950 overnight. The following day, cells were treated with PAM3CSK4 for 12 h, supernatants were harvested, and the levels of IL-1b

were quantified by ELISA (mean 6 SD). Data are representative of two independent experiments with four biological replicates per experiment.

**p, 0.01 by unpaired two-tailed t test. (F) Wild type and Cybb2/2 mice were infected intratracheally withM. tuberculosis strain 18b and treated for 2 wk

daily with streptomycin, then injected every other day for 2 wk with 200 mg of either isotype control Ab or anti–IL-1R Ab. The total levels of viable

M. tuberculosis in the lungs was determined by CFU plating on streptomycin (mean 6 SD) with four to seven mice per group. (G) Representative flow

cytometry plot showing Ly6G+ CD11b+ neutrophil recruitment to the lungs of Cybb2/2 mice during control and IL-1R blockade conditions (gated on live/

singlets/CD45+). (H) Quantification of neutrophil recruitment to the lungs at the indicated time points postinfection for wild type and Cybb2/2 mice during

control and IL-1R blockade conditions is shown as an absolute number of Ly6G+ CD11b+ cells per lung (mean 6 SD). Data in (F) and (G) are repre-

sentative of two independent experiments with four to seven mice per group. ***p , 0.001, **p , 0.01, one-way ANOVA with Tukey correction.
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infection. Our dissection of disease progression in Cybb-deficient
mice shows that Phox plays no discernable role in antimicrobial
resistance to M. tuberculosis over long-term infections. However,
we uncovered a previously unknown role for this complex in
promoting tolerance to M. tuberculosis infection and inhibiting
TB disease.
Although we were able to clearly delineate the role of Phox

during M. tuberculosis infection, the role(s) played by this com-
plex in any given infection is likely to vary. Phox-deficient mice
are unable to control the growth of several bacterial pathogens that
are known to cause serious infections in CGD patients, including
non-TB mycobacteria (50–53). In the context of these infections,
the antimicrobial functions of Phox may predominate. In fact,
several studies suggest an important role for Phox in controlling
replication of pathogenic mycobacteria other than M. tuberculosis.
High-dose i.v. or intratracheal infection with M. avium, M. marinum,
and M. bovis BCG all produce higher bacterial burdens and more se-
vere disease in Phox-deficient mice than wild type animals (50, 53, 54).
Although these observations indicate that Phox can play an anti-
microbial role in these infections, the specific role of this complex
in promoting tolerance could not be discerned because of the
difference in bacterial numbers in wild type and mutant animals.
The differential dependency on Phox for antimicrobial resistance

to M. tuberculosis versus these other mycobacterial species likely
reflects a differential susceptibility to ROS-mediated killing.
Several studies support this model by demonstrating that mecha-
nisms by which neutrophils kill these different organisms are
distinct. Neutrophil-mediated killing of M. tuberculosis is inde-
pendent of Phox-derived ROS, as neutrophils from CGD patients
show no defect in M. tuberculosis killing, and inhibitors of ROS
do not alter this activity (55, 56). In contrast, M. marinum is killed
by neutrophils in a ROS-dependent manner (57). Similarly,
neutrophil depletion promotes the growth of BCG in the lung but
has little effect in the context of M. tuberculosis (10, 58). This
effect can be explained based on the ability of the ESX-1 se-
cretion system, which is absent from BCG, to inhibit neutrophil
killing (59). Based on these differences in susceptibility to neu-
trophil killing, we speculate that Phox-derived ROS may con-
tribute to both tolerance and resistance to mycobacteria, such as
M. avium or M. bovis BCG, but this remains to be rigorously
tested. For a pathogen such as M. tuberculosis that is resistant
to ROS-mediated toxicity and persists in the tissue to promote
continual inflammatory damage, the tolerance-promoting activity
of Phox predominates.
During M. tuberculosis infection, we found that the ROS pro-

duced by Phox are critical to control the activation of the NLRP3
inflammasome. In contrast, mitochondrial ROS are well known to
activate inflammatory cascades (60), suggesting that the context
by which ROS are produced influences the inflammatory outcome
of activated cells. Despite this complexity, Phox-deficient mice
and CGD patients suffer from hyperinflammatory diseases,
including arthritis, colitis, and prolonged inflammatory reac-
tions to microbial products, indicating that the dominant immuno-
regulatory role for Phox-derived ROS is anti-inflammatory (61–63).
Although the noninfectious granulomatous lesions of CGD pa-
tients are typified by mononuclear infiltrate, the histopathology of
infectious foci are more variable. Pulmonary infections generally
produce either pneumonia or abscess, which might resemble the
neutrophil-associated disease that we observe in mice (64).
CGD patients are more likely to develop disseminated BCG

infections following vaccination. Although it is likely thatM. bovis
is differentially susceptible to ROS killing as discussed above, it is
also possible that enhanced inflammasome activation contributes
to this disease. Although inflammasome activation in wild type

animals requires the ESX-1 secretion system that is deleted in
BCG, we observed robust stimulation of inflammasome activa-
tion in Phox-deficient cells treated with TLR stimulation alone.
These results suggest that activation of Caspase-1 may occur in
Phox-deficient cells even upon infection with ESX-1–deficient
pathogens.
Several nonmutually exclusive mechanisms could explain the

anti-inflammatory effect of Phox-derived ROS. For example, ROS
has been proposed to inhibit the production of inflammatory me-
diators by inhibiting autophagy (65). In the absence of ROS, the
reduced levels of autophagy may drive enhanced inflammasome
activation. Another mechanism was described in superoxide dis-
mutase1 (Sod1)–deficient cells, where the accumulation of ROS
inhibits Caspase-1 activation through glutathionation of reactive
cysteines (66). It is possible that the loss of ROS leads to loss
of glutathionation and subsequently results in the hyperactivation
of Caspase-1. This latter mechanism is reminiscent of the process
by which NO inhibits inflammasome activation via S-nitrosylation
of NLRP3 (36). The intersection of these two important anti-
inflammatory pathways at the NLRP3 inflammasome indicates
that this complex may be a critical point of integration where
inflammatory cascades are controlled during chronic infections.
Our findings are consistent with a growing body of literature

suggesting that inflammasome-derived IL-1 promotes TB disease
progression. For example, genetic polymorphisms that increase the
expression of IL-1b or the production of IL-1–dependent proin-
flammatory lipid mediators are associated with TB disease progres-
sion (10, 67). Similarly, transcriptional signatures of inflammasome
activation have been observed in severe forms of TB disease, such as
meningitis (68) and TB-associated immune reconstitution syndrome
(69). Together with our work, these findings imply that a failure
in tolerance alone can compromise protective immunity to
M. tuberculosis, even in the context of fully functional antimi-
crobial resistance responses, and that Caspase-1 represents a
critical point at which tolerance is regulated.
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L. Corbeel, T. Español, A. Fischer, M. Kurenko-Deptuch, R. Mouy, et al. 2009.
Chronic granulomatous disease: the European experience. PLoS One 4: e5234.

65. de Luca, A., S. P. Smeekens, A. Casagrande, R. Iannitti, K. L. Conway,
M. S. Gresnigt, J. Begun, T. S. Plantinga, L. A. Joosten, J. W. van der Meer, et al.
2014. IL-1 receptor blockade restores autophagy and reduces inflammation in
chronic granulomatous disease in mice and in humans. Proc. Natl. Acad. Sci.
USA 111: 3526–3531.

66. Meissner, F., K. Molawi, and A. Zychlinsky. 2008. Superoxide dismutase 1 regulates
caspase-1 and endotoxic shock. Nat. Immunol. 9: 866–872.

67. Zhang, G., B. Zhou, S. Li, J. Yue, H. Yang, Y. Wen, S. Zhan, W. Wang, M. Liao,
M. Zhang, et al. 2014. Allele-specific induction of IL-1b expression by C/EBPb
and PU.1 contributes to increased tuberculosis susceptibility. PLoS Pathog. 10:
e1004426.

68. Marais, S., R. P. J. Lai, K. A. Wilkinson, G. Meintjes, A. O’Garra, and
R. J. Wilkinson. 2017. Inflammasome activation underlying central nervous
system deterioration in HIV-associated tuberculosis. J. Infect. Dis. 215: 677–686.

69. Tan, H. Y., Y. K. Yong, E. M. Shankar, G. Paukovics, R. Ellegård, M. Larsson,
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