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 2 

Summary 18 

Protection from infectious disease relies on two distinct mechanisms. “Antimicrobial resistance” 19 

directly inhibits pathogen growth, whereas “infection tolerance” controls tissue damage. A single 20 

immune-mediator can differentially contribute to these mechanisms in distinct contexts, 21 

confounding our understanding of protection to different pathogens. For example, the NADPH-22 

dependent phagocyte oxidase complex (Phox) produces anti-microbial superoxides and 23 

protects from tuberculosis in humans. However, Phox-deficient mice do not display the 24 

expected defect in resistance to M. tuberculosis leaving the role of this complex unclear. We re-25 

examined the mechanisms by which Phox contributes to protection from TB and found that mice 26 

lacking the Cybb subunit of Phox suffered from a specific defect in tolerance, which was due to 27 

unregulated Caspase1 activation, IL-1β production, and neutrophil influx into the lung. These 28 

studies demonstrate that Phox-derived superoxide protect against TB by promoting tolerance to 29 

persistent infection, and highlight a central role for Caspase1 in regulating TB disease 30 

progression. 31 

  32 
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Introduction 33 

Protective immunity to infectious disease involves functionally overlapping responses 34 

that can be divided into two fundamentally different categories (Medzhitov et al., 2012; 35 

Schneider and Ayres, 2008). Infection “resistance” refers to functions that directly target the 36 

infecting pathogen to prevent its growth and dissemination. Resistance pathways act by a 37 

variety mechanisms including disrupting the bacterial niche, serving as metabolic poisons, and 38 

sequestering critical nutrients (Hood and Skaar, 2012; Olive and Sassetti, 2016; Pilla-Moffett et 39 

al., 2016). In addition, the extent of disease is also influenced by “tolerance” mechanisms that 40 

enhance host survival but do not directly impact pathogen growth (Ayres and Schneider, 2008; 41 

Jamieson et al., 2013; Weis et al., 2017). Tolerance pathways control a broad range of functions 42 

that protect the infected tissues from both the direct cytotoxic properties of the pathogen and 43 

inflammation-mediated immunopathology. While it is well appreciated that both resistance and 44 

tolerance mechanisms are required to limit disease, the relative importance of these pathways 45 

vary for different infections (Medzhitov et al., 2012). Furthermore, since individual immune 46 

effectors can promote both tolerance and resistance, the specific role for each mediator can 47 

change in different contexts (Jeney et al., 2014; Medzhitov et al., 2012; Meunier et al., 2017; 48 

Mishra et al., 2017).  In the context of chronic infections, where resistance mechanisms are 49 

insufficient and the pathogen persists in the tissue, tolerance is likely to play a particularly 50 

important role (Meunier et al., 2017).  51 

Like many other chronic infections, the outcome of an encounter with Mycobacterium 52 

tuberculosis (Mtb) varies dramatically between individuals (Cadena et al., 2017). Only 5-10% of 53 

those that are infected with this pathogen progress to active tuberculosis (TB), and disease 54 

progression is influenced by a wide-variety of genetic and environmental factors that could 55 

modulate either tolerance or resistance (Chen et al., 2014; Lopez et al., 2003; Tobin et al., 56 

2012). For example, observations from humans and mice indicate that several specific changes 57 

in T cell function may contribute to a failure of resistance and disease progression due to loss of 58 
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antimicrobial resistance (Jayaraman et al., 2016; Larson et al., 2013; Redford et al., 2011). In 59 

addition, studies in animal models indicate that a failure of host tolerance, which is necessary to 60 

preserve lung function or granuloma structure, influences the extent of disease (Desvignes et 61 

al., 2015; Pasipanodya et al., 2010). While these studies suggest that variation in overall 62 

tolerance may be an important determinant TB risk, the specific tolerance mechanisms that 63 

influence disease progression in natural populations remain ill defined.  64 

During many bacterial infections the production of reactive oxygen species (ROS) by the 65 

NADPH phagocyte oxidase (Phox) is essential to protect the host from disease (Segal, 2005). 66 

Phox is a multi-protein complex, including the subunits Cybb (gp91) and Ncf1 (p47) that 67 

assemble in activated immune cells to produce superoxide radicals by transferring electrons 68 

from NADPH to molecular oxygen (Panday et al., 2015). Humans with deleterious mutations in 69 

the Phox complex develop a clinical syndrome known as chronic granulomatous disease 70 

(CGD). Leukocytes from patients with CGD are unable to kill a number of bacterial pathogens, 71 

such as Staphylococcus aureus and Serratia marcescens, and this defect is associated with the 72 

susceptibility to infection with these organisms (Johnston and Baehner, 1970). Because ROS 73 

contributes to the microbicidal activity of phagocytes, previous studies in Mtb-infected mice 74 

focused on the role of Phox in antimicrobial resistance. However, mice deficient in Phox are 75 

able to restrict Mtb growth to levels comparable to wild type animals during the initial stages of 76 

infection (Deffert et al., 2014a; Jung et al., 2002); (Cooper et al., 2000; Jung et al., 2002). The 77 

lack of an obvious antimicrobial role for Phox has been attributed to the expression of 78 

mycobacterial defenses, such as the catalase/peroxidase, KatG, which detoxifies ROS directly, 79 

or CpsA which prevents Phox localization to the Mtb containing vacuole (Colangeli et al., 2009; 80 

Koster et al., 2017; Nambi et al., 2015; Ng et al., 2004). These findings have led to the 81 

conclusion that ROS produced by Phox are not required for protection to Mtb (Nathan and 82 

Shiloh, 2000). In contrast, mutations in the Cybb gene are strongly associated with susceptibility 83 

to mycobacterial disease, including tuberculosis (Bustamante et al., 2011; Deffert et al., 2014a; 84 
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Khan et al., 2016; Lee et al., 2008). Mutations that specifically reduce Cybb activity in 85 

macrophages produce a similar clinical presentation, highlighting the importance of the 86 

macrophage-derived ROS in protection from pathogenic mycobacteria (Bustamante et al., 87 

2011). The apparently conflicting data from mice and humans regarding the importance of Phox 88 

during Mtb infection suggest two possibilities. Either Phox is differentially required to protect 89 

against Mtb in mice and humans or the ROS produced by Phox is necessary to control immune 90 

mechanisms that do not directly modulate bacterial replication.  91 

Here we re-examined the role of Phox in the context of Mtb infection. Consistent with 92 

previous reports we found that loss of the Phox subunit Cybb does not alter the growth or 93 

survival of Mtb during infection. Instead, Cybb-/- animals suffered from a hyper-inflammatory 94 

disease caused by increased activation of the NLRP3-dependent Caspase-1 inflammasome 95 

and IL-1-dependent neutrophil accumulation in the lung. Thus, the protective effect of Phox can 96 

be attributed to increased tolerance to Mtb infection instead of a direct antimicrobial effect. 97 

These studies provide a mechanism to explain the association between Phox expression and 98 

TB disease in natural populations, and implicate Caspase-1 as an important regulator of 99 

infection tolerance. 100 

 101 

Results 102 

Cybb-/- mice are susceptible to TB disease, but maintain control of bacterial replication. 103 

In order to re-examine the role of Phox in mediating protection against Mtb, we compared 104 

disease progression and the immune responses in wild type and Cybb-/- C57BL/6 mice after 105 

infection via aerosol with 50-100 bacteria. We found no significant difference in the survival or 106 

bacterial levels in the lung between groups of mice up to 3 months following infection, 107 

confirming that Cybb is not required for surviving the early stages of Mtb infection (Figure 1A). 108 

However, after 100 days of infection, Cybb-/- infected mice lost an average of 10% of their body 109 

weight while wild type animals gained weight (Figure 1B). Histopathological inspection of the 110 
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lungs also indicated a difference in disease between these groups, with Cybb-/- lungs containing 111 

larger and less organized lesions than wild type (Figure 1C). These data suggested that wild 112 

type and Cybb-/- animals might tolerate Mtb infection differently even while harboring identical 113 

levels of bacteria.  114 

In order to dissect the mechanisms controlling tolerance to Mtb disease in Cybb-/- mice, 115 

we profiled the infected lungs of animals during infection by flow cytometry. We found no 116 

significant differences in the numbers of dendritic cells, macrophages, B cells, as well as total T 117 

cells between wild type and Cybb-/- mice (Figure S1). In contrast, we observed an early and 118 

sustained increase of Ly6G+ CD11b+ neutrophils in the infected lungs of Cybb-/- mice (Figure 1D 119 

and 1E). A 3-5-fold increase in the total number neutrophils was observed as early as 4 weeks 120 

following infection and was maintained throughout the 12-week study.  121 

The cytokine IL-1β promotes neutrophil-mediated disease during Mtb infection of other 122 

susceptible mouse strains (Mishra et al., 2017; Mishra et al., 2013). Similarly, when we assayed 123 

cytokine levels in lung homogenates, we noted a dramatic and specific increase in IL-1β 124 

concentration in Cybb-/- animals compared to wild type at all time points. In contrast, no 125 

significant differences were noted for IFNγ or TNFα at any time point between groups. Thus, 126 

while the adaptive immune response to Mtb appeared to be intact, Cybb-/- animals produced 127 

excess IL-1β and the concentration of this cytokine correlated with neutrophil infiltration into the 128 

lung.  129 

Previous studies have shown that following low dose aerosol infection mice deficient in 130 

Phox (both Cybb-/- or p47-/-) survive for at least 60 days (Cooper et al., 2000; Jung et al., 2002). 131 

However, longer infection is likely necessary to determine whether the enhanced disease we 132 

noted in Cybb-/- mice would result in a survival defect. These long-term survival experiments 133 

following low dose aerosol proved difficult, since uninfected Cybb-/- mice develop arthritis as 134 

they age (Lee et al., 2011). To avoid this confounder, we quantified the survival of mice in a 135 
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shorter-term study using a high dose aerosol infection. When mice were infected with ~5000 136 

CFU per animal, Cybb-/- mice succumbed to disease significantly more rapidly than wild type 137 

animals. Cybb-/- mice had a median survival time of 88 days while only two out of fifteen wild 138 

type mice succumbed during the 120 day study (Figure 1K). In order to distinguish survival 139 

effects not related to Mtb infection, a cohort of uninfected age-matched Cybb-/- mice were 140 

maintained for the duration of the experiment. None of these animals required euthanasia over 141 

the 120 days and no animals included in this experiment developed arthritis.  142 

During this high-dose study, we also examined a cohort of mice 50 days following 143 

infection and found identical levels of bacteria in the lungs and spleen between wild type and 144 

Cybb-/- groups (Figure1G). Consistent with our earlier findings, Cybb-/- mice showed a significant 145 

increase in neutrophils and IL-1β in the lung (Figure 1H-J). We also found minimal levels of IL-146 

1β and neutrophils in uninfected Cybb-/- lungs indicating that these phenotypes are dependent 147 

on Mtb infection. Therefore, the loss of Cybb leads to more severe Mtb disease that is 148 

associated with increased IL-1β levels and neutrophil recruitment, even though the number of 149 

viable Mtb in the lung did not appear to be affected. 150 

 151 

Cybb controls tolerance to Mtb infection. 152 

Our initial results suggested that Cybb protects mice by promoting tolerance to Mtb infection 153 

rather than directly controlling bacterial replication. However, while viable bacterial numbers 154 

were similar in wild type and Cybb-/- mice, we could not rule out that the course of disease was 155 

altered by subtle changes in the dynamics of bacterial growth and death. To more rigorously 156 

address this question, we employed two additional animal models that allowed us to 157 

differentiate tolerance and direct antimicrobial resistance in vivo.  158 

 To more formally exclude the possibility that Cybb alters the intracellular growth of Mtb 159 

during infection, we used a previously optimized mixed bone marrow chimera approach (Mishra 160 
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et al., 2017). These experiments normalize potential inflammatory differences between wild type 161 

and Cybb-/- mice allowing us to specifically quantify differences in bacterial control (Figure 2A). 162 

Irradiated wild type mice were reconstituted with a 1:1 mixture of CD45.1+ wild type and 163 

CD45.2+ Cybb-/- or wild type cells. Five weeks following infection, both CD45.1+ and CD45.2+ 164 

cells were sorted from the lungs and the levels of Mtb in each genotype was determined by 165 

plating and the purity of populations was determined by flow cytometry (Figure 2B and 2C and 166 

Figure S2). We found that the relative abundance of wild type and Cybb-/- cells was similarly 167 

maintained throughout infection in both the myeloid and lymphoid compartments, indicating that 168 

Cybb does not alter cellular recruitment or survival in a cell-autonomous manner. When Mtb 169 

was enumerated in sorted cells, we found identical levels of H37Rv in wild type CD45.1+ and 170 

Cybb-/- CD45.2+ populations from the same mouse, similar to the results from mice where both 171 

populations were reconstituted with congenically mismatched wild type cells. In contrast, when 172 

chimeric mice were infected with a ROS-sensitive ∆katG mutant of Mtb, we found higher levels 173 

of bacteria in Cybb-/- cells compared to wild type cells from the same mouse. These data show 174 

that the assay is able to detect the cell-autonomous antimicrobial activity of ROS against a 175 

KatG-deficient Mtb strain, but Cybb-dependent ROS did not restrict the intracellular replication 176 

of wild type Mtb.  177 

To specifically determine if the loss of Cybb decreased tolerance to a given burden of 178 

bacteria, wild type and Cybb-/- mice were infected with a streptomycin auxotrophic strain of Mtb 179 

that allows exogenous control of bacterial replication during infection. Streptomycin is provided 180 

for the first two weeks of infection, allowing the pathogen to reach the burden observed in a wild 181 

type Mtb infection. Upon streptomycin withdrawal, the pathogen is unable to replicate but 182 

remains viable and able to drive inflammatory responses (Figure 2D) (Honore et al., 1995; 183 

Mishra et al., 2017; Mishra et al., 2013). Five weeks after infection, Cybb-/- mice lost more 184 

weight than wild type animals while harboring identical levels of non-replicating bacteria (Figure 185 

2E and 2F). Lungs from Cybb-/- mice contained significantly more neutrophils and higher levels 186 
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of IL-1β compared to wild type animals (Figure 2G-2I). Thus, even when the need for 187 

antimicrobial resistance is obviated by artificially inhibiting bacterial replication, Cybb-/- animals 188 

continued to exhibit a hyper-inflammatory disease.  189 

The granulocytic inflammation observed in Cybb-/- mice was reminiscent of several other 190 

susceptible mouse strains. However, the neutrophil recruitment in other models is generally 191 

associated with a concomitant increase in bacterial growth (Kimmey et al., 2015; Kramnik et al., 192 

2000; Nandi and Behar, 2011) and a transition of the intracellular Mtb burden from 193 

macrophages to granulocytes (Mishra et al., 2017). We hypothesized that Cybb-/- mice may be 194 

able to retain control of Mtb replication because the bacteria remain in macrophages. To test 195 

this hypothesis, we used a YFP-expressing Mtb strain to compare the distribution of cells 196 

harboring bacteria in wild type and Cybb-/- mice with Nos2-/- animals in which Mtb replicates to 197 

high numbers in association with infiltrating granulocytes (Mishra et al., 2017). Four weeks 198 

following infection we found that lungs from both Cybb-/- and Nos2-/- mice contain higher levels 199 

of IL-1β and neutrophils than wild type animals, although the loss of Nos2-/- produced a much 200 

more severe phenotype than Cybb-/-. (Figure 2J-2L and Figure S2). However, the cells 201 

harboring Mtb in these two susceptible mouse strains differed. In wild type and Cybb-/- mice, 202 

YFP-Mtb was evenly distributed between CD11b+/Ly6G+ neutrophils and the CD11b+/Ly6G- 203 

population that consists of macrophages and dendritic cells (Wolf et al., 2007). This proportion 204 

was dramatically altered in Nos2-/- mice, where close to 90% of bacteria were found in the 205 

neutrophil compartment. (Figure 2M and 2N). Thus, unlike other susceptible mouse models, the 206 

loss of Cybb does not alter bacterial replication or the distribution of Mtb in different myeloid 207 

subsets. Instead, this gene plays a specific role in controlling IL1β production, neutrophil 208 

recruitment to the infected lung, and disease progression. As a result, we conclude that Cybb 209 

specifically promotes tolerance to Mtb infection.   210 

 211 
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