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The mechanism by which only some individuals infected with Mycobacterium tuberculosis develop necrotic granulomas
with progressive disease while others form controlled granulomas that contain the infection remains poorly defined. Mice
carrying the sst1-suscepible (sst1S) genotype develop necrotic inflammatory lung lesions, similar to human tuberculosis
(TB) granulomas, which are linked to macrophage dysfunction, while their congenic counterpart (B6) mice do not. In this
study we report that (a) sst1S macrophages developed aberrant, biphasic responses to TNF characterized by
superinduction of stress and type I interferon pathways after prolonged TNF stimulation; (b) the late-stage TNF response
was driven via a JNK/IFN-β/protein kinase R (PKR) circuit; and (c) induced the integrated stress response (ISR) via PKR-
mediated eIF2α phosphorylation and the subsequent hyperinduction of ATF3 and ISR-target genes Chac1, Trib3, and
Ddit4. The administration of ISRIB, a small-molecule inhibitor of the ISR, blocked the development of necrosis in lung
granulomas of M. tuberculosis–infected sst1S mice and concomitantly reduced the bacterial burden. Hence, induction of
the ISR and the locked-in state of escalating stress driven by the type I IFN pathway in sst1S macrophages play a causal
role in the development of necrosis in TB granulomas. Interruption of the aberrant stress response with inhibitors such as
ISRIB may offer novel host-directed therapy strategies.
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Introduction
Understanding mechanisms driving necrotization of tuberculosis 
(TB) lesions may offer a promising path toward effective host- 
directed therapies. The formation of the TB granuloma is a core 
virulence mechanism that enables pathogen survival, sanctuary 
from immune clearance mechanisms, and transmission (1), and 
the trajectories of TB granuloma progression vary among infected  
humans and in nonhuman primate models (2). Recent studies 
demonstrated roles of Mycobacterium tuberculosis–secreted necro-
tizing toxin, as well as excess free iron and ferroptosis in macro-
phage death and the formation of necrotic TB lesions, respectively 
(3, 4). However, why certain individuals develop necrotic granulo-
mas and progress to cavitation and others do not remains unclear.

It has long been known that granuloma formation requires 
TNF, a cytokine essential for host resistance to TB both in humans 
and in animal models (5). However, recent studies demonstrated  
a role of elevated TNF levels in TB immunopathology (6, 7). 

Hyperactivation of the type I IFN (IFN-I) pathway has been clearly 
associated with TB progression in human patients (8), as well as in 
animal models (9). In those studies, both higher virulence of M. 
tuberculosis strains and greater host susceptibility to M. tuberculo-
sis were associated with increased expression of IFN-I–stimulated 
genes (ISGs), while blockade of the IFN-I pathway in mouse mod-
els increased host resistance. The upregulation of ISG expression 
in peripheral blood was detected in individuals with latent TB 
infection up to 18 months before clinical diagnosis of TB disease, 
indicating a causal role of the IFN-I pathway activation in TB pro-
gression in humans (10, 11). Among IFN-mediated mechanisms 
of TB susceptibility, the induction of soluble mediators, such as 
IL-10 and IL-1 receptor antagonist (IL-1Ra) that suppress essential 
effector pathways of anti-TB immunity, has been demonstrated  
using mutant and genetically engineered mouse models (9, 12). 
However, mechanisms for how this cytokine milieu emerges with-
in TB lesions and whether it leads to formation of necrotic TB 
granulomas in TB-susceptible hosts remain unknown.

An important tool for the study of necrosis within TB lesions 
is the C3HeB/FeJ mouse, which develops necrotic TB lesions and 
even cavities in the lungs after infection with both laboratory  
strains and clinical isolates of virulent M. tuberculosis (13). It has 
been extensively validated and adopted for use in preclinical stud-
ies of TB drugs and vaccines (14). In this mouse strain, the sst1 locus 
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human necrotic granulomas specifically in cellular layers close to 
necrotic centers of the TB granulomas (25). We found that the del-
eterious ISR was driven by TNF via IFN-I–mediated induction of 
the eIF2α kinase, protein kinase R (PKR). Confirming the in vivo 
relevance of these findings, upon treatment of B6.SstS mice with a 
small-molecule inhibitor of the ISR known as ISRIB, we observed 
inhibition of granuloma necrosis and a concomitant reduction in 
bacterial CFU counts. These findings demonstrate a role of IFN-β–
mediated ISR as an emergency regulator of macrophage proteo-
stasis during chronic inflammation and reveal a noncanonical 
metabolic pathway that leads to necrosis in TB granulomas that is 
targetable with host-directed therapy.

Results
TNF triggers hyperactivity of IFN-I and stress pathways in B6.Sst1S 
macrophages. To begin dissecting mechanisms behind the upreg-
ulated IFN-β production, we compared IFN-β secretion by the WT 
B6 and B6.Sst1S bone marrow–derived macrophages (BMDMs), 
stimulated either with TNF (which induces low levels of IFN-β in 
B6 macrophages, ref. 26) or the  classical IFN-β inducer poly(I:C). 
The B6.Sst1S macrophages secreted higher levels of IFN-β pro-
tein in response to both stimuli (Figure 1A and Supplemental 
Figure 1A; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI130319DS1). Next, we compared 
the kinetics of TNF-induced IFN-β mRNA expression in WT B6 
versus B6.Sst1S BMDMs. Initially, TNF induced similarly low 
levels of IFN-β mRNA expression in both cell types. Then, while 
IFN-β levels remained relatively stable in WT B6 macrophages, 
in the B6.Sst1S cells the IFN-β mRNA expression significantly 
increased between 8 and 24 hours, such that the strain difference 
in IFN-β mRNA levels reached 10- to 20-fold by 24 hours (Figure 
1B). In addition, the B6.Sst1S macrophages stimulated with TNF 
expressed significantly higher levels of the IFN-stimulated gene 
Rsad2 (viperin, Supplemental Figure 1B), whose upregulation 
we found was reduced by 50%–75% in the presence of IFN type 
I receptor–blocking (IFNAR1-blocking) antibodies (E. Brownhill, 
personal communication), thus confirming hyperactivation of the 
IFN-I pathway in the B6.Sst1S cells. The IFN-β and Rsad2 mRNA 
expression kinetics demonstrated that the bias toward IFN-I path-
way activation in the B6.Sst1S macrophages occurred at a later 
stage of persistent stimulation with TNF.

To characterize effects of the sst1 locus on the late response 
of primary macrophages to TNF more broadly, we compared 
transcriptomes of WT B6 and B6.Sst1S BMDMs after 18 hours 
of stimulation with TNF at 10 ng/mL (Figure 1C). Although no 
significant differences were detected in naive macrophages, 
the gene expression profiles of TNF-treated cells diverged sub-
stantially, with 592 genes significantly differentially expressed 
(P < 0.001; Supplemental Table 1). Those included the Sp110/
Ipr1 and Sp140 mRNAs encoded within the sst1 locus that were 
expressed and upregulated by TNF only in the WT B6 BMDMs. 
The most prominent differentially expressed gene cluster was 
composed of genes that were selectively upregulated by TNF in 
B6.Sst1S, but not WT B6 macrophages (Figure 1C). Using gene set 
enrichment analysis (GSEA) we found significant enrichment for 
the IFN-I–regulated genes in B6.Sst1S macrophages responding 
to TNF. Genes involved in nuclear RNA processing and nuclear- 

was found to specifically control the necrotization of TB granu-
lomas in the lungs (15, 16). B6 mice carrying the sst1-suscepible 
(sst1S) genotype (B6.Sst1S mice) carry the C3HeB/FeJ-derived sst1 
locus on a B6 background and develop well-organized necrotic TB 
granulomas in the lungs (17). Although the B6.Sst1S mice initially  
control M. tuberculosis replication similarly to their parental B6 
mice, the necrotic TB granulomas emerge within 8–12 weeks after 
aerosol infection (17). Remarkably, necrotic granuloma formation 
is observed only in the lungs of the B6.Sst1S mice, while granulo-
mas elsewhere do not progress toward necrosis. Therefore, com-
paring sst1-congenic B6.Sst1S with parental B6 (WT) mice that do 
not develop necrotic TB granulomas provides a valuable tool for 
studying pathways that lead to necrosis.

The sst1 locus has been found to encode the SP100 family  
of nuclear proteins (15). The mouse Sp110/Ipr1 gene is not 
expressed in the mutant B6.Sst1S macrophages. Its human homo-
log has been shown to control macrophage activation and sus-
ceptibility to TB in humans (18). Another gene encoded in the 
mouse sst1 locus and missing in the B6.Sst1S mice, SP140, has 
been associated in human genome-wide association studies 
(GWAS) with susceptibility to chronic autoimmune and inflam-
matory diseases including Crohn’s disease and multiple sclero-
sis (19). In dogs, a closely related family member, SP110, was 
associated with amyotrophic lateral sclerosis (ALS) (20). Thus, 
the SP100 family members encoded in the sst1 locus, which are 
induced in activated WT B6 macrophages and not expressed in 
activated B6.Sst1S macrophages, are clearly implicated in aber-
rant inflammatory and neurodegenerative diseases in several 
species including humans (reviewed in ref. 21).

Previously, we have shown that the sst1-mediated suscep-
tibility does not lead to systemic immunodeficiency and that T 
cell function is not compromised in sst1S mice. Conversely, the 
sst1-mediated phenotype has been attributed to bone marrow–
derived myeloid cells and associated with hyperactivity of the 
IFN-I pathway (15, 22). Indeed, in a recent study B6.Sst1S mice 
exhibited marked elevations of IFN-β in the lungs upon M. tuber-
culosis infection (23). Moreover, infected IFNAR–/– mice in the 
B6.Sst1S background demonstrated reduced immunopathology 
compared with B6.Sst1S mice, thus establishing that progression 
of pulmonary necrosis in the M. tuberculosis–infected host requires 
the IFN-I pathway. This IFN-I response was essential for loss of 
containment via induction of IL-1Ra, and heterozygous deficiency  
in the IL-1Ra was found to be protective. These results reveal a  
distal IFN-I–driven immunologic signaling mechanism of TB sus-
ceptibility via dysregulation of a cytokine network.

We sought to understand the basis for the increased level of 
IFN-I signaling and its impact on necrosis. We found that stim-
ulation of B6.SstS macrophages with TNF induced an aberrant 
response characterized by a late-phase superinduction of the IFN-I 
pathway. It required persistent stimulation with TNF and was  
driven by reactive oxygen species (ROS), stress kinases, and 
proteotoxic stress. Transcriptomic analysis revealed aberrant 
triggering of the integrated stress response (ISR) — a metabolic  
safety valve mechanism leading to reduced protein synthesis and 
increased expression of repair and biochemical readjustment 
pathways in severely stressed cells (24). Very interestingly, ISR 
markers have already been found to be strongly upregulated in 
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observations of IFN-I hyperactivity. Also, a group of genes (Atf3, 
Chop10, Ddit4, Trib3, and Chac1) induced during the ISR, as well 
as genes (Hspa1a and Hspa1b) known to be markers of proteotoxic  
stress (PS), were significantly enriched among the upregulated  
genes, and their upregulation by TNF specifically in B6.Sst1S  
macrophages was confirmed using qRT-PCR (Figure 1E).

Prolonged TNF stimulation induces biphasic progression of 
the ISR and proteome remodeling in B6.Sst1S macrophages. Upon 
TNF stimulation, the Trib3 and Chac1 genes were among the 
most highly upregulated late-response genes in the B6.Sst1S 
BMDMs. These genes are known targets of the transcription  
factor Chop10 (Ddit3), which is activated downstream of the ISR 
transcription factors ATF4 and ATF3. Collectively, this pathway 

cytoplasmic transport were also upregulated by TNF in the 
B6.Sst1S BMDMs. Strikingly, multiple biosynthetic pathways 
were coordinately downregulated in TNF-stimulated B6.Sst1S 
macrophages, including lipid and cholesterol biosynthesis, pro-
tein translation, ribosome, mitochondrial function, and oxida-
tive phosphorylation (Supplemental Table 2). Further validation 
of the differential gene expression using quantitative real-time 
reverse transcription PCR (qRT-PCR) demonstrated upregula-
tion of a number of other genes important for pathogenesis such 
as IL-10, Mmp-13, IL-7R, death receptor 3 (Dr3/Tnfrsf12), and 
transcription factors Bhlhe40 and Bhlhe41 in the B6.Sst1S cells 
(Figure 1D). Significant upregulation of IFN-β and the typical 
IFN-I–inducible genes Rsad2 and Ch25h confirmed our previous 

Figure 1. Superinduction of IFN-β in B6.Sst1S BMDMs after prolonged stimulation with TNF. (A) IFN-β protein concentration in supernatants of WT B6 and 
B6.Sst1S BMDMs treated with 10 ng/mL TNF-α for 24 hours was detected using ELISA. Results represent data from 2 independent experiments. (B) Time 
course of IFN-β mRNA expression in B6.Sst1S and WT B6 BMDMs after treatment with 10 ng/mL TNF, as determined using qRT-PCR. The data are represen-
tative of 3 biological replicates. (C) Comparison of gene expression profiles of B6.Sst1S versus WT B6 BMDMs stimulated with TNF (10 ng/mL) or unstim-
ulated (un) for 18 hours using hierarchical clustering. The global gene expression was determined using Affymetrix GeneChip Mouse Gene 2.0 Arrays. (D) 
Validation of microarray data using gene-specific qRT-PCR. (E) Differential stress response and IFN-I pathway gene expression in TNF-stimulated B6.Sst1S 
and WT B6 BMDMs. Data are representative of at least 3 independent experiments. In panels B, D, and E, the qRT-PCR data were normalized to 18S rRNA 
and are presented relative to the expression in untreated B6 cells (set to 1). **P ≤ 0.01; ***P ≤ 0.001 by Welch’s t test. NS, not significant.
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We followed the kinetics of the ISR- and IFN-inducible genes 
within a critical period between 8 and 14 hours at 2-hour intervals. 
The IFN-β mRNA expression level in the B6.Sst1S macrophages 
gradually increased, while the ISR markers remained at the same 
level throughout this period, suggesting a possible mechanistic 
hierarchy (Figure 2C). Therefore, we tested whether blocking 
IFN-I signaling reduced the ISR induction. IFNAR1-blocking 
antibodies were added at different times after stimulation with 
TNF (10 ng/mL), and the ISR was assessed at 16 hours following 
TNF stimulation, as measured by Chac1 and Trb3 gene expres-
sion (Figure 2D). Blocking the IFN-I and TNF signaling using 
neutralizing antibodies at 2–4 hours after TNF stimulation pro-
foundly suppressed the ISR escalation. However, the TNF and 
IFN-I blockade was only partially efficient at 8 hours and com-
pletely disappeared by 12 hours of TNF stimulation (Figure 2D). 
Thus, the ISR pathway was set in motion and initiated by TNF in 
an IFN-I–dependent manner, but its transition from the latent to 

is known as the ISR (27). Comparing the mRNA kinetics of genes 
representing transcriptional targets of the ISR (Atf3, Chop10, 
Chac1, Trb3, and Ddit4) during the course of TNF stimulation, 
we observed that the expression of the ISR genes spiked in the 
B6.Sst1S cells at 16 hours and continued to increase further 
between 16 and 24 hours (Figure 2A). Next, we monitored the 
expression of ISR markers ATF4 and ATF3 at the protein level 
by Western blot. Initially, we observed similar induction of ATF4 
and ATF3 after 3 hours of TNF stimulation in both the WT B6 
and B6.Sst1S BMDMs. However, in the WT B6 cells the levels of 
ATF4 and ATF3 proteins decreased to basal levels by 15 and 24 
hours, respectively. In contrast, the ATF3 levels increased in the 
B6.Sst1S macrophages during the 15- to 24-hour interval (Figure 
2B). Thus, the sst1S allele is uniquely associated with escalated 
transcription and translation of ISR genes after 12 hours of TNF 
stimulation, the timing of which closely resembles the kinetics 
of the IFN-I pathway induction by TNF in B6.Sst1S macrophages.

Figure 2. TNF treatment leads to biphasic 
upregulation of the ISR in B6.Sst1S BMDMs. 
(A) Kinetics of integrated stress response (ISR) 
gene expression in B6.Sst1S and WT B6 BMDMs 
treated with TNF (10 ng/mL). (B) Kinetics of 
ISR proteins in TNF-stimulated WT B6 and 
B6.Sst1S BMDMs (representative of 2 biological 
replicates). (C) Kinetics of IFN-β and ISR gene 
expression in B6.Sst1S BMDMs 8–14 hours after 
stimulation with TNF. (D) Effects of TNF and 
IFNAR1 blockade on Chac1 and Trb3 mRNA 
expression in B6.Sst1S BMDMs stimulated with 
TNF. The neutralizing anti-IFNAR1 and anti–
TNF-α or isotype control antibodies were added 
2–12 hours after TNF. The mRNA expression was 
measured at 16 hours of TNF stimulation and 
percentage inhibition by the neutralizing anti-
bodies added at each time point was calculated 
with respect to cells treated with TNF alone. (E) 
Effect of the ER stress (PBA), PKR (C16), ISR 
(ISRIB), and TBK1 (BX795) inhibitors on late-
phase ISR gene expression in TNF-stimulated 
B6.Sst1S BMDMs. The inhibitors were added 12 
hours after TNF stimulation, and the mRNA 
levels were measured at 16 hours. (F) Kinetics 
of PKR protein expression and phosphoryla-
tion (p-PKR) in B6.Sst1S and WT B6 BMDMs 
treated with TNF. Ratios of p-PKR to those in 
unstimulated BMDMs are presented for each 
time point. The Western blot is representative 
of 2 independent experiments. In panels A and 
C–E, 2-way ANOVA with Tukey’s post hoc test 
was used on combined data of 3 independent 
experiments (*P = 0.01–0.05; ***P < 0.001). 
The qRT-PCR data were normalized to 18S rRNA 
and are presented in panels A and C relative to 
expression in untreated cells (set to 1). Percent-
age inhibition in panels D and E was calculated 
as compared to fold induction by TNF in the 
absence of inhibitors. NS, not significant.
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inhibit the ISR (ISRIB, an eIF2α phosphorylation inhibitor; ref. 29), 
ER stress (PBA, ref. 30), PKR (C16, ref. 31), and JNK (SP600125) 
(Figure 2E). Added at 12 hours after TNF stimulation, the ISR and 
PKR inhibitors (ISRIB and C16, respectively) profoundly inhibited  
the upregulation of both sentinel mRNAs, while the ER stress 
inhibitor PBA had no effect. This suggests that PKR activity was 
responsible for the transition from latent to overt ISR specifically 
in the B6.Sst1S macrophages. Indeed, while PKR levels increased 
modestly in both WT B6 and B6.Sst1S macrophages following TNF 
stimulation, only the B6.Sst1S macrophages displayed significant 
late increases in the levels of active, phosphorylated PKR: 30% at 
12 hours and 110% above baseline at 24 hours (Figure 2F). PKR is 
a classical IFN-inducible protein whose kinase activity is induced 

overt ISR in the B6.Sst1S macrophages after 12 hours of TNF stim-
ulation was TNF and IFN independent. Therefore, we searched 
for the drivers of the ISR during this transition.

PKR is required for triggering the late ISR in the B6.Sst1S back-
ground. The ISR is known to be induced as a result of the inhibi-
tion of cap-dependent translation mediated by phospho-eIF2α 
after phosphorylation by protein kinases activated in response 
to various stresses: viral infection and double-stranded RNA  
(dsRNA) (PKR), ER stress (PERK), starvation (GCN2), oxidative 
stress, and hypoxia (HIPK/HRI, ref. 28). To elucidate the driving 
force behind the late ISR transition in the B6.Sst1S macrophages, 
we measured the post-TNF induction of Trb3 and Chac1 mRNAs 
in B6.Sst1S BMDMs in the presence of small molecules that  

Figure 3. Effect of ISR inhibitor ISRIB on tuber-
culosis progression in B6.Sst1S mice. For all figure 
panels, IS = ISRIB. (A) Lung bacillary loads at 
weeks 4 and 8 after treatment start. Data plotted 
as means ± SEM. Asterisks indicate significant 
differences between treatment groups compared 
with vehicle control group calculated by 2-way 
ANOVA. *Indicates significance at 90% CI. **Indi-
cates significance at 95% CI. (B) Representative 
H&E-stained lung tissue slices from mice in the 
vehicle control group and the ISRIB-treated group 
with 0.25 mg/kg by body weight. Scale bars: 3 mm. 
(C) Extent of inflammation and necrosis in lungs of 
mice treated with vehicle (control) or ISRIB. Each 
data point represents a survey of 1 mouse. All P 
values were calculated based on a nonparametric 
Kruskal-Wallis test comparing the control to each 
of the dosing groups while accounting for multiple 
comparisons. NS, P > 0.20. Fractions above group 
columns indicate the numbers of mice where 
necrosis was identified divided by the number of 
mice in the analysis group. (D) Fraction of lung 
volume with disease density as a quantitative 
measure of severity of disease in mouse lungs at 
week 8. Data summary elements represent mean 
fraction of voxels ± SEM. P values calculated based 
on Welch’s t test. NS, not significant. Numbers 
above group columns indicate number of mice 
surveyed. (E) [18F]FMISO PET/CT imaging of mouse 
lungs at week 8. Quantification is given as dose- 
and decay-corrected standardized uptake value 
(SUV) of lesions normalized to the PET signal from 
PET-blinded CT-scan selection of nondisease lung 
space volumes. P values calculated by nonparamet-
ric 2-tailed Mann-Whitney test. For graphs in C and 
E, data summary elements indicate means ± SD.
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most prominently by dsRNA. Traditionally, the PKR pathway has 
been associated with antiviral immunity, but more recently it was 
demonstrated that, in addition to viral dsRNAs, PKR can interact 
with and be activated by misfolded and dimerized endogenous 
RNA molecules (32, 33). Using the J2 antibody specific for dsRNA 
(34), we detected dsRNA speckles in the cytoplasm of TNF-stimu-
lated BMDMs from both WT B6 and B6.Sst1S mice (Supplemental 
Figure 1C). The presence of endogenous, cytosolic PKR ligands 
may provide an explanation for how IFN-induced PKR is activated  
by TNF even in noninfected macrophages. PKR activation by 
endogenous ligands has been linked to metabolic dysregulation 
via activation of the stress kinase JNK (35). We observed that JNK 
inhibition increased the expression of the ISR markers (Figure 2E), 
suggesting a role for the PKR/JNK-mediated feedback circuit pro-
posed by Nakamura (33) in our model (see below).

These data demonstrate that in B6.Sst1S 
macrophages TNF initiates a cascade of stress 
responses in a biphasic manner. At the early ini-
tiation phase (2–4 hours) we observed moderate 
ISR activation at similar levels in both the WT 
B6 and B6.Sst1S mutant macrophages (Figure 
2B). Corresponding to the early-phase ATF4 pro-
tein upregulation, XBP-1 splicing, known to be 
induced by IRE1 kinase activated specifically by 
ER stress, followed similar kinetics in both strains 
and peaked at 4–8 hours (Supplemental Figure 
1D), suggesting that equally activated ER stress 
drives early ISR in WT B6 and B6.Sst1S BMDMs. 
In support of this notion, the levels of the classi-
cal ER stress marker BiP were induced to similar 
levels in TNF-stimulated WT B6 and B6.Sst1S 
macrophages in our microarray data set (NCBI 
GEO accession GSE99456). In the second phase, 
12–24 hours following TNF stimulation, ISR 
activation increased exclusively in the B6.Sst1S 
macrophages via a distinct IFN-I–dependent 
mechanism requiring PKR activation, whereas in 
contrast, ISR activation plateaued in WT B6 cells.

Proteomic changes induced by TNF reveal that 
Ipr1 upregulation in WT B6 macrophages correlates 
temporally with protection from escalating stress 
response. The major adaptive role of ISR is a global  
reduction of cap-dependent protein transla-
tion (27). However, translation of many proteins 
involved in stress responses proceeds via cap- 
independent mechanisms, and the proportion of 
those proteins in the cellular proteome increases  
during prolonged stress. Thus, we postulated that 
an escalating ISR induced by TNF in B6.Sst1S 
macrophages would result in global proteome 
remodeling. Therefore, we compared global 
quantitative protein abundance profiles of the 
WT B6 and B6.Sst1S mutant macrophages after 
stimulation with TNF, using stable isotope label-
ing of the digested macrophage proteomes with 
tandem mass tags followed by deep 2D LC-MS/
MS–based proteomic analysis.

The proteomic profiles of TNF-stimulated B6.Sst1S and WT 
B6 macrophages were clearly distinct (Supplemental Table 3). 
A number of proteins were upregulated in the B6.Sst1S macro-
phages, demonstrating the absence of a total translational arrest 
in the mutant cells. In agreement with Hspa1a mRNA upregula-
tion (Figure 1E), we detected higher levels of HSPA1A protein (see 
below). The TNF-stimulated B6.Sst1S cells also expressed higher 
levels of ATF3, IFN-inducible proteins such as Rsad2, Cxcl10, 
Ifi35, Ifi47, Ifit1, Ifit2, Ifit3, and p47 GTPase, as well as proapop-
totic proteins DAXX and Bim, cold shock–inducible RNA-binding 
protein Rbm3, and dsRNA-binding protein Stauphen. In contrast, 
the proteome of WT B6 macrophages stimulated with TNF was 
enriched in proteins involved in antioxidant defenses and pro-
tein homeostasis in the ER and cytoplasm, such as (a) NADH–
cytochrome b5 reductase 4 (CYB5R4), which protects cells from 

Figure 4. Global quantitative assessment of the ISRIB effect on pulmonary TB lesions using 
ex vivo MRI imaging. The B6.Sst1S mice were infected with M. tuberculosis by aerosol. The 
ISRIB was administered i.p. for 4 weeks starting at 4 weeks after infection. (A) Representative 
MRI sections of lungs at lower, middle, and upper levels of B6.Sst1S mice (M1–M6) at 8 weeks 
after infection (3 animals per group). Left panels = control mice; right panels = mice treated 
with ISRIB (1 mg/kg) for 4 weeks. (B) Distribution of size and intensity of individual lesions, 
as denoted by horizontal and vertical lines, respectively. Lung lesions of control (gray lines) 
and ISRIB-treated (red lines) B6.Sst1S mice treated for 24 (left panel) and 4 weeks (right panel) 
with ISRIB (1 mg/kg). (C) statistical analysis demonstrating the effect of the 4-week ISRIB 
treatment on the lesion intensity stratified by the lesion size.
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excess buildup of ROS and oxidant stress (36); (b) stromal cell–
derived factor 2 (SDF2) involved in ER protein quality control, 
unfolded protein response, and cell survival under ER stress (37); 
(c) signal sequence receptor 2 (SSR2), a subunit of the ER TRAP 
complex involved in protein translocation across the ER mem-
brane (38); and (d) stress-associated ER protein 1 (SERP1), which 
interacts with target proteins during their translocation into the 
lumen of the ER and protects unfolded target proteins against 
degradation during ER stress (39). Only the TNF-stimulated WT 
B6 cells upregulated the Sp110/Ipr1 and Sp140 proteins encoded 
within the sst1 locus and implicated in TB susceptibility in vivo 
(15, 40). We extended these observations by finding that the 
Sp110/Ipr1 protein was induced in WT B6 macrophages between 

8 and 12 hours after initial TNF stimulation, corresponding to a 
period of late stress escalation in the IPR1-negative B6.Sst1S cells 
(Supplemental Figure 1E). Inhibition of JNK, p38, or IFNAR1 
prevented IPR1 protein upregulation by TNF (Supplemental Fig-
ure 1F). Thus, Ipr1 is a stress- and IFN-inducible protein whose 
expression inversely correlated with the stress escalation and 
expression of IFN-I–inducible proteins, suggesting a role in pre-
venting the IFN-mediated ISR in activated macrophages.

Small-molecule inhibition of the ISR reduces both susceptibility 
to M. tuberculosis and granuloma necrosis in vivo. Taken together, 
the above data demonstrate that compromised stress resilience 
of the B6.Sst1S macrophages after TNF stimulation is mech-
anistically linked to unresolving ISR driven by IFN-I in a PKR- 

Figure 5. Transcriptional control of IFN-β 
superinduction in B6.Sst1S macrophages by 
TNF. (A) Effects of TNF stimulation and siRNA 
knockdown on IRF1 protein expression in WT 
B6 and B6.Sst1S BMDMs stimulated with 10 ng/
mL TNF for 24 hours. un, no TNF treatment; sc, 
scrambled siRNA control. (B) Inhibition of IFN-β 
mRNA expression in TNF-stimulated WT B6 
and B6.Sst1S BMDMs after IRF1, IRF3, and IRF7 
knockdown using siRNA. Percentage inhibition 
was calculated as compared to scrambled siRNA 
control. (C) Effects of TNF neutralization and 
IFNAR1 blockade on IFN-β mRNA expression in 
B6.Sst1S BMDMs treated with TNF for 16 hours. 
The anti-IFNAR1, anti–TNF-α, and isotype control 
antibodies were added at time points indicated 
on the x axis. (D) Effect of TBK1, PKR, JNK, and 
NF-κB inhibitors added after 12 hours of TNF 
stimulation on IFN-β mRNA levels in B6.Sst1S 
BMDMs treated at 16 hours. (E) Transcription fac-
tor (TF) binding activities in WT B6 and B6.Sst1S 
BMDMs after TNF stimulation for 12 hours. (F 
and G) Kinetics of Hspa1a mRNA (F) and HSPA1A 
protein (G) expression in WT B6 and B6.Sst1S 
BMDMs stimulated with TNF. (H) Aggresome 
formation in B6 and B6.Sst1S BMDMs stimulated 
with TNF for 24 hours. Lower panels = effects 
of the rocaglate (50 nM) and BHA (100 μM) 
treatments on aggresome formation in B6.Sst1S 
BMDMs. (I and J) Effects of rocaglate treatment 
(50 nM) on superinduction of Hspa1a (I) and 
IFN-β (J) mRNAs in TNF-stimulated B6.Sst1S 
BMDMs. (K) Suppression of the TNF-induced 
Hspa1a and IFN-β mRNA upregulation in B6.Sst1S 
macrophages (at 18 hours) using BHA added at 
0 or 12 hours of TNF treatment. Fold induction 
of gene expression in panels D, F, I, and J was 
calculated relative to the mRNA expression in 
untreated B6 macrophages. In panels B–D, F, and 
I–K, 2-way ANOVA with Tukey’s post hoc test 
was used on combined data of 3 independent 
experiments (*P = 0.01–0.05; **P < 0.01; ***P < 
0.001). NS, not significant.
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the ISR to the onset of necrosis (42). We used lesion-specific 
[18F]FMISO PET signals from our CT/PET scans since [18F]
FMISO is known to accumulate in the cytoplasm of hypox-
ic cells (43). Mice treated with the ISRIB showed a greater 
than 2-fold reduction in the mean internally normalized [18F] 
FMISO lung lesion standardized uptake value signal compared 
with controls, supporting the conclusion that lesions from 
ISRIB-treated mice contained intracellular conditions that 
were less disposed to the onset of necrosis (Figure 3E).

In addition to the live imaging, we used magnetic reso-
nance imaging (MRI) of the mouse lungs ex vivo (Figure 4). 
Mouse lungs were perfused with 4% paraformaldehyde in 
PBS and instilled with low-melt agarose in situ, as described 
in the Methods. We were able to detect lung lesions 200 μm 
and greater in diameter. Representative sections are shown 
in Figure 4A. The MRI analyses using an in-house analytical 
pipeline was performed and the data for individual lesions 
were plotted, as shown in Figure 4B. This analysis parsed 
individual lesions according to their size and intensity. We 
observed that the ISRIB treatment for 4 weeks significantly 
reduced intensity of the lesions in each size category (Figure 
4C). In agreement with the PET and histopathology data, 
this comprehensive structural analysis confirmed that ISRIB 
treatment reduced the inflammatory reaction within individ-
ual TB lesions irrespective of their size.

We also tested ISRIB for direct antibacterial activity 
against M. tuberculosis broth cultures and found no sig-
nificant activity, with a minimal inhibitory concentration 
greater than 256 μg/mL. On testing the ability of ISRIB to 
inhibit the proliferation of M. tuberculosis in B6 BMDMs, 
we found no antibacterial effect (Supplemental Figure 2D), 
confirming our hypothesis that ISRIB does not directly  

activate macrophage killing of M. tuberculosis. Instead, its 
actions in blunting the macrophage ISR pathway in vivo promote 
more balanced inflammatory and antimicrobial macrophage  
responses, resulting in reduced lung tissue damage.

Next, we tested the effect of ISRIB in a mouse model of more 
severe TB using C3HeB/FeJ mice that carry the sst1S allele on a 
genetic background that is more susceptible to M. tuberculosis (Sup-
plemental Figure 3A). In this model, ISRIB (0.25 mg/kg) also signifi-
cantly reduced lung M. tuberculosis burdens at 8 weeks after infec-
tion (Supplemental Figure 3B). In parallel, we assessed the mTOR 
pathway inhibition in this same mouse TB model, since this path-
way has been reported to downregulate the mitochondrial ISR (44) 
and to induce autophagy (45). However, treatment with the mTor 
inhibitor sirolimus alone was ineffective (Supplemental Figure 3D). 
Because the sst1S-mediated ISR is IFN-I driven, we tested the potent 
IFI-I pathway inhibitor amlexanox, which prevents phosphorylation 
of TBK1 and IKKε. Amlexanox treatment at both 25 mg/kg and 100 
mg/kg was inactive or even deleterious in terms of controlling lung 
M. tuberculosis loads and lung pathology (Supplemental Figure 3, 
D and E, respectively). This result suggests that the IFN-I–driven 
susceptibility mediated by the sst1S locus is independent of TBK1 
and IKKε activation. Therefore, we wanted to delineate the mecha-
nism(s) of the IFN-β upregulation in the sst1S background.

PS drives the IFN-β superinduction in a TBK1-independent man-
ner. A previous report demonstrated that in WT B6 macrophages, 

dependent manner. Therefore, we tested whether inhibitors of 
IFN-I and ISR pathways can correct the susceptible macrophage 
phenotype and, thus, decrease susceptibility to virulent M. tuber-
culosis in vivo.

First, we evaluated ISRIB, an inhibitor of eIF2α phosphoryla-
tion that has been shown to reduce the ISR (41). Four weeks after 
aerosol infection with M. tuberculosis H37Rv, groups of mice were 
treated daily (5 out of 7 days per week) for 8 weeks with ISRIB at 
0.25 mg/kg, 1.0 mg/kg, or with vehicle control (Supplemental 
Figure 2A). The ISRIB treatment for 4 and 8 weeks significantly 
reduced lung bacterial loads (Figure 3A) and the degree of focal 
pneumonia with granuloma formation (Figure 3B and Supplemen-
tal Figure 2B). Two-dimensional evaluation of lung pathology with 
digitally scanned sections collected at both 4 and 8 weeks follow-
ing the initiation of therapy revealed that both doses of ISRIB sig-
nificantly reduced lung inflammation and necrosis (Figure 3C and 
Supplemental Figure 2C). To achieve a more global assessment of 
the impact of ISRIB therapy, we used 3D scanning with PET using 
the hypoxia-specific tracer [18F]FMISO alongside standard CT in 
live mice at 8 weeks of therapy. Quantitative, unbiased evaluation 
of non-vessel, non-airway, lung voxels associated with lung tissue 
consolidation revealed a trend toward reduced lung consolidation 
in the ISRIB-treated mice compared with untreated (Figure 3D).

We also assessed the extent of hypoxia within the cells of inflam-
matory foci since intracellular hypoxia is a known factor linking  

Figure 6. Mechanisms of TB susceptibility driven by TNF in B6.Ss1S mouse 
macrophages. (A) Aberrant activation of the integrated stress response (ISR) 
by TNF in B6.Sst1S macrophages via ROS- and proteotoxic stress–dependent 
superinduction of the type I IFN pathway. Blue lines = canonical TNF-activated 
pathways; red lines = mechanisms of IFN-β superinduction by stress kinase JNK; 
red box = PKR-mediated ISR activation and a hypothetical autoamplification 
loop. Sst1R, sst1-resistant genotype. (B) Aberrant macrophage activation within 
inflammatory milieu of TB lesions prior to pathogen encounters promotes 
necrotic granuloma formation. MTB, Mycobacterium tuberculosis.
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stimulated B6.Sst1S macrophages is consistent with increased 
Hspa1a mRNA (Figure 1E) and protein levels (Supplemental 
Table 3), as compared with the WT B6 cells.

PS induces protein aggregates in B6.Sst1S cells that can be rescued 
by the translation inhibitor rocaglate. The HSF1 TF activation and 
heat shock protein induction by TNF are indicative of PS. The 
kinetics of the Hspa1a mRNA expression demonstrated that in 
the WT cells the PS response was moderate. In contrast, it dra-
matically increased from 8 to 24 hours of TNF stimulation in 
the B6.Sst1S cells (Figure 5F). The HSF1 inhibitor KRIB11, which 
blocks HSF1 activity, induced death of TNF-stimulated macro-
phages irrespective of their sst1 genotype (Supplemental Figure 
5A), demonstrating that the HSF1-mediated stress response was 
an important survival pathway in TNF-stimulated macrophages 
of both backgrounds. However, progressive unresolving PS was 
observed only in B6.Sst1S macrophages, as evidenced by robust 
upregulation and sustained expression of HSPA1A protein from 
12 to 36 hours of TNF stimulation (Figure 5G). We also document-
ed accumulation of protein aggregates in the B6.Sst1S cells during 
this period (Figure 5H).

To further evaluate the role of PS escalation in the IFN-β super-
induction observed in B6.Sst1S macrophages, we tested the impact 
of small-molecule derivatives of rocaglate that selectively inhibit 
cap-dependent protein translation by binding to the IF4A heli-
case subunit of a translation initiation complex (46, 47). Indeed, 
the rocaglate treatment inhibited protein biosynthesis in TNF- 
stimulated macrophages without killing them (Supplemental Fig-
ure 5B). It also prevented the accumulation of protein aggregates 
(Figure 5H and Supplemental Figure 5C) and the Hspa1a mRNA 
upregulation in B6.Sst1S macrophages after TNF stimulation 
(Figure 5I). Remarkably, the rocaglate treatment also eliminated 
the difference between the TNF-stimulated WT B6 and B6.Sst1S  
macrophages in IFN-β mRNA expression (Figure 5J). Thus, pre-
venting PS with rocaglate treatment also thwarted the IFN-β 
superinduction. In contrast, the IFNAR1 blockade using neutraliz-
ing antibodies did not prevent the PS escalation (data not shown). 
We concluded that greater PS induced by TNF in B6.Sst1S macro-
phages was upstream of the IFN-β superinduction.

ROS are known to induce protein misfolding and PS. As shown 
in Supplemental Figure 5E, TNF stimulation induced ROS produc-
tion by BMDMs in our model as well. Therefore, we tested wheth-
er ROS were involved in the PS induction. Indeed, we found that 
pretreatment of B6.Sst1S macrophages with butylated hydroxy-
anisole (BHA) to boost their antioxidant defenses prior to TNF 
stimulation prevented protein aggregation (Figure 5H and Supple-
mental Figure 5C), inhibited superinduction of both Hspa1a and 
IFN-β mRNAs (Figure 5K), and prevented subsequent ISR escala-
tion (Supplemental Figure 5D). However, adding BHA at 12 hours 
of TNF stimulation had no inhibitory effect on the PS and only 
partially inhibited the IFN-β mRNA expression (Figure 5K). The 
ISR escalation was also insensitive to the late treatment with BHA 
(Supplemental Figure 5D). These data demonstrate that TNF- 
induced ROS serve as a trigger of the aberrant TNF response in 
the B6.Sst1S macrophages, causing protein misfolding and aggre-
gation in the cytoplasm and subsequent escalation of the PS. The 
levels of ROS produced by TNF-stimulated WT B6 and B6.Sst1S 
macrophages, however, were similar (Supplemental Figure 5E), 

TNF stimulated low levels of IFN-β via NF-κB–mediated induction 
of IRF1, and that this was followed by autoamplification by secreted  
IFN-β via IFNAR1 and IRF7 (26). In our model, the IRF1 protein 
was similarly upregulated by TNF in both WT B6 and B6.Sst1S 
mutant macrophages (Figure 5A). To determine which of the IRF 
transcription factors might play a dominant role in the IFN-I path-
way hyperactivation observed specifically in the B6.Sst1S mac-
rophages, we performed knockdowns of Irf1, Irf3, and Irf7 using 
siRNAs prior to stimulation of BMDMs with TNF (Figure 5A and 
Supplemental Figure 4, A–C). The Irf1 knockdown had the most 
pronounced effect, while the Irf3 and Irf7 knockdowns had sim-
ilar but weaker effects on IFN-β mRNA expression following 16 
hours of TNF stimulation (Figure 5B). Importantly, knockdowns 
of any of these IRF1s reduced the IFN-β expression proportionally 
in both WT and mutant macrophages and did not eliminate the 
strain differences in IFN-β production (Supplemental Figure 4C). 
Also, IFNAR1-blocking antibodies were ineffective in preventing 
the late-phase IFN-β mRNA upregulation in the B6.Sst1S cells 
when added after 8 hours of TNF stimulation, while TNF block-
ade remained efficient (Figure 5C), indicating that the late IFN-β 
upregulation in the sst1S background required persistent TNF sig-
naling and was not due to autoamplification by secreted IFN-β.

To identify pathway(s) specifically responsible for the late-
stage IFN-β superinduction in the B6.Sst1S macrophages, we used 
small-molecule kinase inhibitors. We added these agents after 12 
hours of TNF stimulation, and measured the IFN-β mRNA lev-
els 4 hours later (Figure 5D). Unsurprisingly, an NF-κB inhibitor 
(BAY11-7082) proportionally reduced the IFN-β mRNA levels in 
both the WT and mutant macrophages. This observation sup-
ports the requirement for NF-κB and persistent TNF stimulation 
for the late-phase IFN-β mRNA expression in both genetic back-
grounds. Strikingly, inhibiting JNK completely eliminated the 
sst1-dependent difference; JNK inhibitor SP600125 reduced the 
IFN-β mRNA expression in the B6.Sst1S macrophages to the level 
of WT B6, but did not affect the IFN-β expression level in WT 
B6 macrophages. In contrast, inhibition of another IFN-inducing 
kinase, TBK1, which is involved in signaling by nucleic acid rec-
ognition modules and IRF3 activation, affected the IFN-β induc-
tion in both WT B6 and B6.Sst1S cells to a much lesser degree 
and did not eliminate the strain differences in IFN-β production 
(Figure 5D). These findings reveal that the sst1 locus exerts no 
effects on the canonical TNF/IRF1/IFN-β axis and the IFN-β/
IFNAR1/IRF7/IFN-β autoamplification loop, nor does it control 
the TBK1/IRF3 pathway. Rather, the late-phase superinduction 
of IFN-β, exclusively observed in B6.Sst1S macrophages, results 
from synergy of the stress-activated kinase JNK with the canoni-
cal TNF/NF-κB/IRF1 pathway.

To gain deeper insight into sst1-mediated transcriptional 
regulation at this critical transition period, we compared tran-
scription factor (TF) activities in WT B6 and B6.Sst1S macro-
phages following 12 hours of TNF stimulation using a TF activa-
tion array. The activities of NF-κB, AP1, STAT1, GAS/ISRE, IRF, 
NFAT, NFE2, CREB, YY1, and SP1 were upregulated by TNF to 
a similar degree in both the WT B6 and B6.Sst1S macrophages, 
while the HSF1 and MYC consensus sequence binding was sig-
nificantly upregulated in the B6.Sst1S mutant cells (Figure 5E). 
The increased activity of heat shock factor 1 (HSF1) in TNF- 
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recruit coactivators and chromatin remodeling proteins to form  
an enhanceosome (51).

JNK is a stress kinase that is activated in response to oxidative, 
proteotoxic, metabolic, and other challenges and is an important 
part of the cellular defense strategy (52). Whereas transient JNK 
activation is adaptive, prolonged JNK activation is known to con-
tribute to a proapoptotic transition. Our studies suggest that this 
transition may be driven by IFN-mediated PKR activation and 
ISR escalation. Conversely, PKR itself has been shown to directly  
stimulate JNK activity in macrophages (35). This may occur by 
translational arrest via a mechanism known as the ribotoxic stress 
response (53). Of note, our recent studies have shown that inhi-
bition of JNK and PKR in TNF-stimulated B6.Sst1S BMDMs using 
small molecules eventually results in further ISR escalation, which 
is driven by ROS and is due to defective antioxidant defense acti-
vation (E. Brownhill, personal communication). This response 
may be driven by a cytoplasmic unfolded protein response via 
another eIF2α kinase, HRI (24). Therefore, we propose that the 
JNK/IFN-β/PKR circuit is initially activated by oxidative stress 
as an adaptive mechanism to reduce protein translation and to 
decrease misfolded protein loads in the ER and cytoplasm. How-
ever, sustained upregulation of JNK, IFN-β, and PKR forms a 
maladaptive feed-forward stress response circuit, locking TNF- 
stimulated B6.Sst1S macrophages in a state of unresolving stress, 
as illustrated in Figure 6A.

In TNF-stimulated B6.Sst1S macrophages IFN-I also drives 
the upregulation of the IFN-stimulated genes Rsad2 and Ch25h, 
whose products are known to inhibit mitochondrial function and 
lipogenesis, respectively (49, 54). In addition, the 25-hydroxycho-
lesterol produced by Ch25h enzymatic activity can further increase 
the ISR (55). Moreover, by limiting cholesterol biosynthesis it can 
sustain elevated IFN-I signaling (56) and amplify inflammatory 
cytokine production (57). We propose that coincidence of hyperin-
flammation with downregulation of essential metabolic pathways, 
both driven by IFN-I–mediated pathways, results in accumulation 
of damage in macrophages exposed to these cytokines in TB gran-
ulomas prior to infection and decrease their resilience to subse-
quent infection with intracellular bacteria (Figure 6B).

At the systemic level early in infection, IFN-I initially primes 
protective inflammatory responses, but has been shown to cause 
immunosuppression at later stages via induction of soluble media-
tors (12). Recently, IFN-I was shown to induce expression of IL-1Ra 
and, thus, suppress effector mechanisms of IL-1–mediated host 
resistance to M. tuberculosis (23). Our studies demonstrate cell- 
autonomous effects of IFN-I in macrophages of susceptible hosts, 
where IFN-I exacerbates inflammatory damage via PKR-mediated  
ISR and downregulation of metabolic pathways essential for mac-
rophage repair and stress resilience. Of note, recent analysis of 
human monocyte–derived macrophages after infection with M. 
tuberculosis in vitro using single-cell gene expression profiling 
revealed that an ISR marker, ATF3, and IL-1Ra were expressed 
by the same cells (58). These observations, alongside our current 
studies of sst1-mediated mechanisms of susceptibility to TB in the 
B6.Sst1S mouse, provide an explanation of a dual role of IFN-I in 
host interactions with M. tuberculosis (9, 59).

An important observation in this study is that ISR inhibi-
tion with the small molecule ISRIB showed a therapeutic benefit 

suggesting that the B6.Sst1S cells differ from the WT B6 macro-
phages in their adaptation to ROS-mediated stress.

Discussion
Our research reveals that the sst1-mediated susceptibility to M. 
tuberculosis and the concomitant development of the necrotic 
granuloma is mechanistically linked to an aberrant macrophage 
response to TNF and sustained escalating stress responses. 
Because the sst1S phenotype in mice closely resembles the pathology  
of human TB, this study provides a rationale for testing whether 
the aberrant macrophage response to TNF is also associated with 
progression of TB in humans. In addition, our findings suggest a 
novel disease-modifying therapeutic strategy for correcting the 
aberrant TNF response, rather than blocking this essential media-
tor of host resistance.

TNF has been proven to be an essential cytokine for the for-
mation and maintenance of TB granulomas and TB resistance 
both in humans and in animal models. However, it plays a dual 
role in host–M. tuberculosis interactions; excessive responses to 
TNF drive immunopathology in animal models and are associated 
with TB susceptibility in humans (6, 7). Our data demonstrate that 
an aberrant response of macrophages to TNF may drive necrotiza-
tion of TB granulomas via a potentially novel IFN-I–mediated cas-
cade. TNF-exposed susceptible macrophages undergo superin-
duction of the IFN-I pathway — at first initiated by oxidative stress 
and dysregulated proteostasis, and then subsequently driven  
by a JNK/IFN-β/PKR circuit — that culminates with induction of 
the eIF2α-triggered ISR, an event that leads to a locked-in state 
of escalating ISR and, ultimately, macrophage death and tissue 
necrosis (Figure 6A). This mechanism provides a plausible expla-
nation for the association of TB progression with hyperactivation 
of IFN-I and ISR observed in human TB patients (8, 25).

Our studies revealed that at an early stage, TNF stimulation 
caused modest triggering of the ISR in both WT and the sst1S 
mutant macrophages. At this early stage the ISR is, most likely, 
driven by the ER stress and unfolded protein response, as previ-
ously described for macrophage activation (48). The accumu-
lation of unfolded proteins in the cytoplasm and ER induced by 
TNF leads to transient activation of the ISR via HRI and PERK 
kinases, respectively, to temporarily inhibit cap-dependent pro-
tein translation in order to reduce the protein overload and sup-
port macrophage survival (24). The unique, second wave of ISR 
activation is exclusively observed in B6.Sst1S macrophages. This 
escalating stress proceeds via superinduction of IFN-β, activa-
tion of the IFN-β/PKR/ISR axis, and subsequent upregulation of 
proapoptotic genes and proteins. This mechanism is similar to a 
signaling cascade recently described in a model of Listeria mono-
cytogenes infection (49). However, in the B6.Sst1S macrophages, 
the IFN-β superinduction and ISR escalation did not require infec-
tion and was triggered by TNF alone. We excluded a significant 
contribution of the STING/TBK1/IRF3 pathway to the observed 
IFN-β superinduction (Figure 5). These findings are consistent 
with a lack of effects of STING and IRF3 gene knockouts on mouse 
TB susceptibility in vivo (23, 50). Thus, the hyperactivation of the 
IFN-I pathway could be explained solely by a cooperative effect of 
persistent activation of the NF‑κB and JNK pathways. Both path-
ways are known to converge on IFN-β enhancer elements and to 
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proteins in limiting inflammation-associated tissue damage initi-
ated by infectious and noninfectious triggers.

The studies of the sst1-mediated susceptibility in mice 
revealed a mechanistic link between an IFN-I–dominated hyper-
inflammatory response and local necrotic immunopathology in 
TB granulomas. This mouse model permits further analysis of 
local lung- and granuloma-specific mechanisms that enable TB 
progression in immune-competent hosts. Our studies demon-
strate that macrophage susceptibility emerges gradually within 
inflammatory tissue due to an imbalance of macrophage stress 
responses. Unresolving stress induced by TNF and exacerbated 
by IFN-I may lead to functional decline and suppression of bac-
tericidal immune responses in macrophages prior to contact with 
microbes. By exploiting this regulatory failure, successful patho-
gens, such as M. tuberculosis, may bypass mechanisms of resis-
tance locally in otherwise immune-competent hosts. This strategy 
would ensure survival of both the host and the pathogen and facil-
itate successful transmission of the later.

The escalating stress response mechanism leading to necrosis 
during TB represents an attractive therapeutic target. Indeed, this 
study reveals that a small-molecule inhibitor of the ISR, ISRIB, is 
effective in preventing necrosis in M. tuberculosis–infected mouse 
lungs and concomitantly restricts M. tuberculosis proliferation. 
ISRIB has demonstrated promising results in enhancing memory, 
preventing neuronal degeneration, and reducing tumor growth 
(64, 65). Further studies in combination with traditional anti-TB 
drugs may define whether future ISR inhibitors that are being 
developed for human use may offer therapeutic benefit as a spe-
cific necrotic granuloma–directed therapy for TB.

Methods
Reagents. Recombinant mouse TNF was from Peprotech and recombi-
nant mouse IL-3 was from R&D Systems. Mouse monoclonal antibody 
against mouse TNF (clone XT22) was from Thermo Fisher Scientific 
and isotype control and mouse monoclonal antibody against mouse 
IFN-β (clone MAR1-5A3) was from eBioscience. ATF4 (sc-39063), 
ATF3 (sc-518032), mouse monoclonal anti-PKR (sc-6282), and rab-
bit polyclonal anti–p-PKR (sc-101783) were obtained from Santa Cruz 
Biotechnology. Anti-HSPA1A (A-400) and –β-actin (A1978) antibodies 
were obtained from R&D Systems and MilliporeSigma, respectively. 
Anti-IRF1 and -IRF3 antibodies were obtained from Cell Signaling 
Technology. The Ipr1-specific rabbit antiserum was generated by 
Covance Research Products, Inc. (66). The Ipr1 monoclonal antibodies 
were generated using Ipr1 peptides from Abmart and validated in our 
laboratory. Inhibitors BAY 11-7082, phenylbutyrate sodium (PBA), and 
rapamycin were from Enzo Life sciences. SB203580, SP600125, and 
C16 were obtained from Calbiochem. JQ1, flavopiridol, and 10058-F4 
were from Tocris. ISRIB, poly(I:C), LPS from E. coli (055:B5), triptol-
ide, and BHA were obtained from MilliporeSigma. BX-795 was from 
Invivogen. RHT was provided by Aaron Beeler (Boston University).

Animals. C57BL/6J and C3HeB/FeJ inbred mice were obtained from 
the Jackson Laboratory. The C3H.B6-sst1, C3H.scid, and C3H.B6-sst1 
SCID mouse strains were generated in our laboratory as described  
previously (15, 17, 22). The B6.C3H-sst1(B6J.C3-sst1C3HeB/FejKrmn)  
congenic mice were created by transferring the sst1S allele from C3HeB/
FeJ mouse strain on the B6 (C57BL/6J) genetic background using 12 
backcrosses (referred to here as B6.Sst1S).

against M. tuberculosis proliferation and granuloma formation 
in infected B6.Sst1S mice. Interestingly, we found that ISRIB 
dosed daily at 0.25 mg/kg demonstrated superior inhibition of 
M. tuberculosis proliferation in B6.Sst1S mice than did 1.0 mg/kg. 
Moreover, even higher doses (5 mg/kg) were deleterious (Sup-
plemental Figure 3B). Parenterally administered ISRIB has been 
shown to inhibit eIF2α phosphorylation with an IC50 of 5 nM, and 
when given to mice it achieves its Cmax at 2 hours and has a t1/2 of 8 
hours (60). In cell-based studies it has shown typical direct dose- 
response relationships (60–62). Animal studies characterizing its 
efficacy for memory or traumatic brain injury have typically used 
doses of 2.5 mg/kg, and these evaluations have also shown direct 
dose-response relationships (60, 63). Although further research 
will be necessary to explain the inverse dose-response relationship 
we observed, it is worth noting that previous animal studies with 
ISRIB administered the drug for durations of up to 28 days, while 
our study gave the drug for 8 weeks in the presence of a chronic 
infection. Hence it is conceivable that high-dose ISRIB may have 
deleterious off-target effects that manifest with long-term dosing 
or the presence of chronic inflammation. These data warrant fur-
ther investigation of the effects of dosage, timing, and duration of 
ISRIB administration on TB granuloma dynamics.

The sst1 locus encodes the IFN-inducible nuclear protein 
Sp110. In WT macrophages, this protein is induced during the late 
stage of TNF response between 8 and 12 hours; however, Sp110 
expression is absent in TNF- or IFN-γ–activated macrophages 
carrying the sst1S allele (15). This late-stage time interval — which 
precedes the escalation of the PS and superinduction of IFN-β — 
is when we first observe manifestations of the susceptible phe-
notype, and during this period, Sp110 is known to accumulate in 
the nucleus and to associate with chromatin in mouse and human 
macrophages (B. Bhattacharya, unpublished observations). These 
observations suggest that Sp110 plays a key role in governing mac-
rophage stress resilience probably by controlling chromatin orga-
nization and function.

Recently, the function of Sp140 (another Sp100 family mem-
ber also encoded within the sst1 locus) has been elucidated (19). 
In activated macrophages, Sp140 — an IFN-inducible chromatin- 
binding bromodomain protein — plays an important role in pre-
serving a macrophage-specific transcriptional program by bind-
ing to promoters of lineage-inappropriate repressed genes and 
maintaining their repressed status. Among those was the devel-
opmental HOXA9 gene whose activity preserves hematopoietic 
stem cell self-renewal and suppresses macrophage differentiation. 
Knockdown of Sp140 leads to derepression of the HOXA9 gene 
and aberrant macrophage activation, including an upregulation 
of Myc- and E2F-regulated gene sets. In vivo, Sp140 downregula-
tion results in exacerbated inflammatory colitis. In humans, Sp140 
polymorphisms have been associated with Crohn’s disease and 
multiple sclerosis in GWAS (reviewed in ref. 21). The Sp110 poly-
morphisms have been associated with severity of canine degener-
ative myelopathy, a neurodegenerative disease with similarities to 
human ALS (20). We hypothesize that in activated macrophages 
the Sp100 family members play a central role in crosstalk between 
stress- and IFN-mediated pathways to maintain macrophage dif-
ferentiation and activation programs and boost macrophage stress 
resilience. This paradigm would explain the broad roles of those 
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antibody was obtained from R&D Systems. Anti–β-actin antibody 
(1:2000) was obtained from MilliporeSigma.

RNA isolation and qPCR. Total RNA was isolated using the RNeasy 
Plus Mini Kit (Qiagen). cDNA synthesis was performed using Super-
Script II (Invitrogen). Real-time PCR was performed with GoTaq 
qPCR Master Mix (Promega) using the CFX-90 real-time PCR Sys-
tem (Bio-Rad).Oligonucleotide primers were designed using Primer 3 
software (https://bioinfo.ut.ee/primer3-0.4.0/) (Supplemental Table 
1) and specificity was confirmed by melting curve analysis. Thermal 
cycling parameters involved 40 cycles under the following conditions: 
95°C for 2 minutes, 95°C for 15 seconds, and 60°C for 30 seconds. 
Each sample was set up in triplicate and normalized to RPS17 or 18S 
expression by the ΔΔCt method.

Immunofluorescence microscopy. Cells were fixed with 4% parafor-
maldehyde for 15 minutes at room temperature, permeabilized with 
0.25% Triton X-100 for 30 minutes, and then blocked for 20 minutes 
with 2.5% goat serum. Cells were incubated with primary antibodies 
(mouse monoclonal antibodies against J2 [1:3000] overnight at 4°C 
in 2.5% goat serum), and then incubated with Alexa Fluor 488–conju-
gated (excitation/emission maxima 490/525 nm) donkey anti–mouse 
IgG (1:1000, Invitrogen) secondary antibody for 2 hours. Images were 
acquired using a Leica SP5 confocal microscope. All images were pro-
cessed using ImageJ software (NIH).

Hoechst/PI staining method for cell cytotoxicity. For cell viability 
assays, BMDMs were plated in 96-well tissue culture plates (12,000 
cells/well) in phenol red–free DMEM/F12 media and subjected to nec-
essary treatments. Hoechst (Invitrogen, 10 μM) and PI (Calbiochem, 
2 μM) were added and the cells incubated at 37°C for 15 minutes and 
read in a Celigo Imaging Cytometer. The percentage of total and dead 
cells was calculated for each treatment.

TF profiling analysis. Each array assay was performed following the 
procedure described in the TF activation profiling plate array kit user 
manual (Signosis, FA-001). Ten micrograms of nuclear extract was 
first incubated with the biotin-labeled probe mix at room temperature 
for 30 minutes. The activated TFs were bound to the corresponding 
DNA-binding probes. After the protein-DNA complexes were isolated 
from unbound probes, the bound probes were eluted and hybridized 
with the plate precoated with the capture oligonucleotides. The cap-
tured biotin-labeled probes were then detected with streptavidin-HRP 
and subsequently measured with a TECAN microplate reader.

siRNA knockdown. Gene knockdown was done using GenMute 
(SignaGen) and FlexiTube GeneSolution siRNAs from Qiagen. 
AllStars negative control siRNA (SI03650318) from Qiagen was 
used as a negative control. BMDMs (B6.Sst1S and WT) were seeded  
into 6-well plates at a density of 2.5 × 105 per well and grown as 
described above. Shortly before transfection, the culture medium 
was removed and replaced with 1 mL complete medium, and the 
cells were returned to normal growth conditions. To create trans-
fection complexes, 15 nM siRNA (pool of 4 siRNAs) in 1× GenMute 
buffer (total 500 mL) was incubated with 1.5 μL of GeneMute trans-
fection reagent for 15–20 minutes at room temperature. The com-
plexes were added drop-wise onto the cells. Cells were incubated 
with the transfection complexes for 24 hours at 37°C in 5% CO2. 
After 24 hours, cells were washed to remove siRNA and replenished 
with fresh media. TNF (10 ng/mL) was added for 24 hours and 
BMDMs were harvested as outlined below. siRNA pools included 
Irf1 (GS16362), Irf3 (GS54131), and Irf7(GS54123).

BMDM culture. Isolation of mouse bone marrow and culture of 
BMDMs were carried out as previously described (66). TNF-activated 
macrophages were obtained by culture of cells for various times with 
recombinant mouse TNF (10 ng/mL). Cells were washed again and 
cultured in the presence of inhibitors and TNF in DMEM/F12 contain-
ing 10% FBS without antibiotics at 37°C in 5% CO2 for 24 hours.

Animal infections and imaging. Mice were infected by M. tubercu-
losis H37Rv using a Glas-Col chamber, and mice were sacrificed for 
enumeration of M. tuberculosis CFU in lungs and spleen day 1 counts 
as well as subsequent time points as previously described (67). H&E-
stained tissue sections were imaged by high-resolution digital micros-
copy and lesion scoring was performed as described previously (68). 
High-resolution PET/CT imaging was conducted using a Mediso 
nanoScan instrument. Image analysis to quantify disease burden in 
lungs was performed using previously reported algorithms (69).

Ex vivo MRI. MRI was performed on fixed lungs using a 4.7-T 
Bruker MRI scanner. Lungs were perfused with 4% paraformaldehyde 
in PBS and inflated with 1% low-melt agarose in PBS. A high-resolu-
tion 3D structural MRI (FLASH) sequence was applied for imaging 
the lungs to acquire micron-scale images (down to 0.1 mm voxel size). 
Lesion classification was performed using an in-house lesion segmen-
tation pipeline based on the expectation-maximization (EM) algo-
rithm (70), which is widely used in the neuroimaging field. The pipe-
line automatically separates individual lesions based on spatial voxel 
connectivity information and reports total number of lesions, mean 
intensity profile of each lesion, and 3D volumetry (size in 3D) of each 
lesion per subject. Statistical analysis: the ISRIB treatment and control 
groups were compared on the basis of total number and intensity of 
lesions in small, medium, and large size categories using a nonpara-
metric Kolmogorov-Smirnov or Friedman test.

Immunoblotting. To monitor Ipr1 protein levels we developed 
Ipr1 peptide–specific rabbit polyclonal antibodies, which recognize 
the Ipr1 protein of predicted length on Western blots (71). BMDMs 
were subjected to treatments specified in the text. Nuclear extracts 
were prepared using the nuclear extraction kit from Signosis. 
Whole-cell extracts were prepared by lysing the cells in RIPA buf-
fer supplemented with protease inhibitor cocktail and phosphatase 
inhibitor I and III (MilliporeSigma). Equal amounts (30 μg) of pro-
tein from whole-cell extracts were resolved by SDS-PAGE and trans-
ferred to PVDF membranes (Millipore). After blocking with 5% skim 
milk in TBS-T (20 mM Tris–HCl [pH 7.5], 150 mM NaCl, and 0.1% 
Tween 20) for 2 hours, the membranes were incubated with the pri-
mary antibody overnight at 4°C. Protein bands were detected with 
an enhanced chemiluminescence (ECL) kit (PerkinElmer). Strip-
ping was performed using Western blot stripping solution (Ther-
mo Fisher Scientific). The loading control β-actin (MilliporeSigma, 
1:2000) was evaluated on the same membrane. The Ipr1-specific 
rabbit antiserum was generated by Covance Research Products, Inc. 
(1:500) as described previously (66). The Ipr1 monoclonal antibod-
ies were generated using Ipr1 peptides from Abmart. ATF4, ATF3, 
Gadd34, c-Myc, Daxx, p21, PKR, and phospho-PKR antibodies were 
obtained from Santa Cruz Biotechnology; rabbit polyclonal anti–p-
PKR (sc101783, Santa Cruz Biotechnology) and mouse monoclonal 
anti-PKR (sc6282, Santa Cruz Biotechnology) were used at dilution 
factor of 1:150 and 1:200, respectively.

IRF1, IRF3 (1:1000), p38, p-p38, JNK, and p-JNK antibodies were 
obtained from Cell Signaling Technology. Anti-HSPA1A (1:1000) 
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