
Ahmed et al., Sci. Transl. Med. 12, eaay0233 (2020)     29 January 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

1 of 17

T U B E R C U L O S I S

Immune correlates of tuberculosis disease and risk 
translate across species
Mushtaq Ahmed1*, Shyamala Thirunavukkarasu1*, Bruce A. Rosa2*, Kimberly A. Thomas1, 
Shibali Das1, Javier Rangel-Moreno3, Lan Lu1, Smriti Mehra4, Stanley Kimbung Mbandi5,  
Larissa B. Thackray6, Michael S. Diamond1,6,7, Kenneth M. Murphy7, Terry Means8, John Martin2, 
Deepak Kaushal9, Thomas J. Scriba5, Makedonka Mitreva2,6†, Shabaana A. Khader1†

One quarter of the world’s population is infected with Mycobacterium tuberculosis (Mtb), the causative agent of 
tuberculosis (TB). Although most infected individuals successfully control or clear the infection, some individuals 
will progress to TB disease. Immune correlates identified using animal models are not always effectively translated 
to human TB, thus resulting in a slow pace of translational discoveries from animal models to human TB for many 
platforms including vaccines, therapeutics, biomarkers, and diagnostic discovery. Therefore, it is critical to improve 
our poor understanding of immune correlates of disease and protection that are shared across animal TB models 
and human TB. In this study, we have provided an in-depth identification of the conserved and diversified gene/
immune pathways in TB models of nonhuman primate and diversity outbred mouse and human TB. Our results 
show that prominent differentially expressed genes/pathways induced during TB disease progression are con-
served in genetically diverse mice, macaques, and humans. In addition, using gene-deficient inbred mouse models, 
we have addressed the functional role of individual genes comprising the gene signature of disease progression 
seen in humans with Mtb infection. We show that genes representing specific immune pathways can be protective, 
detrimental, or redundant in controlling Mtb infection and translate into identifying immune pathways that 
mediate TB immunopathology in humans. Together, our cross-species findings provide insights into modeling 
TB disease and the immunological basis of TB disease progression.

INTRODUCTION
The immune mechanisms that govern risk of progression from in-
fection to tuberculosis (TB) disease remain poorly defined. Animal 
models have been used to characterize immune mechanisms of 
Mycobacterium tuberculosis (Mtb) infection outcomes (1). However, 
not all of the immune correlates identified using animal models 
have been translated to human studies (2). Similarly, several human 
blood transcriptomic signatures that differentiate asymptomatic 
Mtb infection and active TB disease have been reported (3–5). 
Using transcriptional profiling approaches, we recently described 
genes that were differentially expressed between progressors and 
nonprogressors in a well-characterized longitudinal adolescent co-
hort study (ACS) of South African individuals with Mtb infection, 
some of whom progressed to pulmonary disease (6, 7). We also 
identified a correlate of risk of TB signature (7), comprising a set of 
16 genes (hereafter referred to as the “16-gene ACS signature”), 
which predicted onset of TB disease more than a year before disease 

was diagnosed. Most of these 16 genes were also differentially ex-
pressed between individuals with asymptomatic Mtb infection and 
TB cases (3–5), suggesting conserved biology during progression 
and clinical disease. However, a mechanistic understanding of the 
role of the immune pathways identified in the human transcriptomic 
studies has not been functionally probed using animal models.

Although animal models, especially mice, are used commonly to 
study mechanisms of immunity or inflammation in TB (1), disease 
outcomes seen in inbred mouse models do not fully reflect the hetero-
geneity observed in human TB (1). We and others have established 
a mouse model of TB in diversity outbred (DO) mice that demon-
strate considerable heterogeneity in inflammatory and protective 
responses after Mtb infection, reflecting some of the genetic diversity 
found in humans (8, 9). In addition, the nonhuman primate (NHP) 
model of TB allows preclinical studies of Mtb infection and TB disease 
progression, as granulomas in rhesus macaques with TB disease 
recapitulate the morphology and physiology observed in human TB 
(10). Thus, using a combination of the DO Mtb-mouse model and 
the macaque model of TB, we recently identified that lung inflam-
mation during TB correlated with increased accumulation of neutro-
phils and associated production of neutrophilic proteins S100A8/A9 
(8). Increased S100A8/A9 protein concentrations in serum of pa-
tients with TB also correlated with increased disease severity (8). 
Thus, a combination of animal models and human clinical samples 
allowed us to functionally implicate neutrophils in mediating in-
flammation and disease severity in TB. However, the pace of such 
translational discoveries could be enhanced by a comprehensive and 
in-depth understanding of common immune correlates of protection 
and inflammation across relevant animal models and human TB. 
To address this gap, we evaluated whether relevant animal models 
of TB exhibit similar transcriptional profiles or expressed the 16-gene 
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ACS signature identified in humans. By comparing transcriptional 
signatures in lung samples from a spectrum of DO mice infected 
with Mtb, macaques with TB, and blood transcriptomic profiles in 
patients with TB, we identified immune correlates of TB disease 
that are prominently shared across animal models and humans. 
In addition, using gene-deficient mice, we have addressed the 
functional role of individual genes comprising the 16-gene ACS 
signature (7).

RESULTS
Common immune correlates of TB disease identified using 
analysis across animal models and human TB
We compared our existing ACS human blood global transcriptomic 
profile dataset (6, 7) to lung transcriptional profiles from animal 
models to identify common patterns of gene expression and biological 
pathways or mechanisms of immune control or disease of Mtb 
infection. Between 2005 and 2007, 6363 adolescents were enrolled 
in Western Cape, South Africa, a setting with a TB incidence of ~1%, 
and followed up for 2 years (11, 12). Among those with evidence of 
Mtb infection (tuberculin skin test–positive and/or QuantiFERON 
Gold In-Tube–positive), 46 adolescents developed culture and/or 
sputum smear–positive, intrathoracic TB (termed progressors), and 
we selected 107 matched adolescents by age at enrollment, sex, ethnic 
origin, school of attendance, and presence or absence of previous 
episodes of TB disease and remained healthy (termed controllers). 
We measured mRNA expression by RNA sequencing (RNA-seq) in 
whole blood ex vivo from progressors and controllers (table S1) and 
investigated the biological pathways associated with progression to 
TB disease (table S2). For animal studies, mouse lung samples from 
DO mice that were left uninfected (naïve), individual DO mice that 
controlled Mtb infection (controllers), or individual DO mice that 
progressed to severe TB infection (progressors; Fig. 1A) were in-
cluded. In the DO infected mice, phenotypic clinical observations 
were used to determine the severity of the infection. The samples 
were divided into controller and progressor groups based on a 
“TB severity score” assessed at euthanasia (log10 bacterial burden of 
the lung tissue sample) × (log10 percentage lung inflammation, by 
area), using thresholds of <6.5 and >8.5, respectively (Fig. 1B). 
These conservative thresholds excluded 15 samples as not classify-
ing as progressor or controller types (“Both” in Fig. 1B), with the 
rest clustering as either progressors or controllers. Thus, the naïve, 
controller, and progressor mouse samples were subjected to RNA-seq 
analysis, and the distinct clustering is shown in Fig. 1C.

Lung samples from uninfected macaques (naïve), macaques that 
were classified as asymptomatic TB (controllers), or macaques that 
exhibited clinical symptoms and TB disease (progressors; Fig. 1A) 
were also analyzed by RNA-seq and showed distinct clustering 
(Fig. 1D). Macaque lungs from progressors were collected 5 to 8 weeks 
after Mtb infection, whereas those from controllers were collected 
22 to 24 weeks after Mtb infection.

We performed pairwise differential gene expression analysis 
between each species group including mice and macaques 
(Fig. 2, A and B). Adequate power and consistent expression pat-
terns allowed for the identification of significantly differentially 
expressed genes [using DEseq2 (13) with default settings, P ≤ 0.05 
after FDR correction] in DO mice (fig. S1A) and in macaques (fig. 
S1B). The key difference between mice and macaques was that, in 
the latter, the controllers and the naïve groups expressed relatively 

similar transcriptional profiles. As a result, a smaller number of 
differentially expressed genes (n = 184) were identified between the 
controllers and the naïve group in macaques (fig. S1B). Genes were 
then matched between mouse, macaque, and human using Ensembl 
(14) orthology matches; 17,044 macaque protein-coding genes and 
18,658 human protein-coding genes were matched to the 22,005 protein- 
coding mouse genes. Differences in expression values of genes 
between human progressors and controllers from the human pro-
gressor study (7) were also aligned to the dataset, facilitating the 
identification of overlapping, differentially expressed orthologous 
genes across the three species. The results are presented in Fig. 2A 
(identifying genes consistently higher in controllers versus both 
progressors and naïve), fig.S1C (lower gene expression in control-
lers versus both progressors and naïve groups), fig. 2B (higher 
expressed in progressor groups versus both controllers and naïve), 
and fig. S1D (lower expression in progressors versus both control-
lers and naïve). We further defined genes expressed higher and lower 
in progressors compared to both naïve and controllers in mice and 
macaques in relation to human gene expression. These results to-
gether define transcriptional profiles from Mtb-infected DO mice 
and macaques that demonstrate conserved biology in disease pro-
cesses that overlap with human TB disease. We observed significant 
overlaps of differentially expressed genes in each of these compari-
sons across species [P < 10−10, false discovery rate (FDR)–corrected 
negative binomial distribution tests; table S3], with the exception of 
the macaque comparisons involving controller versus naïve (due to 
the minimal differences observed for this, as discussed above), and a 
significant overlap for macaque controller versus progressor and 
the human negative controller–associated comparison (P = 2.0 × 10−4).

Many of the most significant pathways that were expressed more 
abundantly in controller versus progressor samples in animal models 
were associated with lung tissue repair after injury (Fig. 2C) such as 
bone morphogenetic protein signaling pathways (15), insulin-like 
growth factor 1 receptor (16), and fibroblast growth factor receptor 
(17). Although no enriched pathways were identified among the 
109 of 777 genes that are higher in controller versus progressor in 
all three species (Fig. 2C and table S2), there are several genes related 
to cellular repair including (i) latent transforming growth factor 
beta binding protein 4 (LTBP4) (18), (ii) myosin IXA (MYO9a) (19), 
and (iii) v-erb-b2 erythroblastic leukemia viral oncogene homolog 
2 (ERB2), required for epithelial cell repair after neutrophil elastase 
exposure (20). These data suggest that lung tissue damage is being 
actively repaired in controllers, without triggering a substantial 
inflammatory response.

Many general immune response pathways including those linked 
to inflammation and lung damage were associated with disease pro-
gression in all three species (Fig. 2D). Among the top progression- 
associated pathways is “neutrophil degranulation,” which is consistent 
with the role of neutrophils in TB pathology (8, 21–23) and the 
prominence of neutrophils in published TB disease gene signatures (3).

There also are enriched pathways related to cytokines and 
chemokines, which initiate and coordinate immune cell recruitment 
and activation in Mtb-infected lungs (24). Overall, the pathways 
associated with progressors suggest an active and broad inflamma-
tory response, with the most significantly enriched pathway (P = 3.9 × 
10−11) being neutrophil pathways.

Upon further analysis, we identified 10 genes with significantly 
higher expression in controllers across species (P ≤ 0.05 for the 
comparisons in each species), which suggests possible immune 
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parameters that may limit TB disease. This did not take into consid-
eration controllers versus naïve groups in macaque, because there 
was minimal difference in their gene signatures (Fig. 3A). Among 
this set are the genes, PH domain and leucine-rich repeat protein 
phosphatase 2 (PHLPP2), which dephosphorylates AKT1 (25), and 
HECT and RLD domain containing E3 ubiquitin protein ligase 
family member 1 (HERC-1), which regulates the ERK signaling 
pathway (26), suggesting a potential mechanism by which ERK 
signaling is altered during TB infection to promote Mtb control. In 
comparison, there were 13 genes that were consistently lower in 
controllers across species (Fig. 3B). Among these are SCARF1, one 

of the genes in the 16-gene ACS signature previously identified to be 
up-regulated during TB infection in humans (7), and intercellular 
adhesion molecule 1 (ICAM1).

Of the 837 genes more highly expressed in progressor versus 
controller and naïve groups in both mouse and macaque, the top 19 
genes also included 9 of the 16 genes in the 16-gene ACS signature, 
including BATF2, Etv6 (the mouse ortholog of human ETV7), 
FCGR1, GBP2, GBP2B, GBP3, GBP5, STAT1, and TRAFD1 (Fig. 3C). 
Among the remaining 10 of the top 19 genes, several were interferon 
(IFN)–stimulated genes, namely, IFN-induced protein with tetratrico-
peptide repeats 2 (IFIT2). A total of 777 genes had lower expression 

Fig. 1. Overview of the samples used and the computational analysis. (A) Workflow of cross-species immune correlates of TB disease. (B) Mouse samples were divided 
into progressor and controller sample groups based on (log10 bacterial burden) × (log10 percentage lung inflammation), using thresholds of <6.5 and >8.5, respectively. (C) PCA 
clustering of the mouse RNA-seq samples based on the default DESeq2 method (top 500 most variable genes) and (D) PCA clustering of the macaque RNA-seq samples.
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in progressors in both animal models versus both naïve and con-
troller samples (the top 10 lower expressed genes are listed in Fig. 3D). 
The most significantly expressed genes among these include (i) 
phospholipase C (PLCE1) and (ii) glypican 3 (GPC3), which regu-
lates macrophage recruitment into tissues (table S3) (27). Collectively, 
our results suggest that highly expressed genes in Mtb-infected DO 
mouse and macaque recapitulate the IFN-inducible gene expression 
pattern previously reported in human TB progressors (3).

The previously identified human 16-gene ACS signature is 
enriched in progressors across animal models
We analyzed whether genes in the previously identified human 
16-gene ACS signature were enriched in mouse and macaque pro-

gressors. Of the 16 genes, 13, including BATF2, Etv6 (the mouse 
ortholog of human ETV7), FCGR1, SERPING1, GBP family members 
(p65 guanylate–binding proteins GBP1, GBP2, GBP4, and GBP5), 
STAT1, TRAFD1, TAP1 (macaque ortholog absent), APOL1 (mouse 
ortholog absent), and ANKRD22 (mouse ortholog absent), were ex-
pressed more highly in progressors than in naïve groups in both mouse 
and macaque DESeq2 (13) results (Fig. 4A). In addition, expression 
of these 11 genes in mice was also increased in controllers compared 
to the naïve group, suggesting a potential role in controlling Mtb in-
fection (Fig. 4A). Expression of 14 genes was increased in macaque 
progressors but not in controllers, relative to the naïve group (Fig. 4, 
A to C). Of interest was SCARF1, which is involved in apoptotic cell 
clearance (28). Scarf1 gene expression in mice was lower in controllers 

Fig. 2. Conserved differentially expressed genes in controllers and progressors. The counts of overlapping significantly differentially expressed genes between mouse, 
macaque, and human genes (7) are shown for (A) genes higher in controller and (B) genes higher in progressor. Shaded areas represent gene sets used for Reactome enrichment 
testing, as shown in (C) for genes higher in controller and in (D) for genes higher in progressor. *Gene sets visualized in Fig. 3. TCR, T cell receptor; IRS, insulin receptor 
substrate; ER, endoplasmic reticulum.
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than in naïve but induced in progressors (Fig. 4B). Similarly, the 
expression of SCARF1 in macaques was higher in progressors than 
in naïve and controllers (Fig. 4B), as also observed in humans 
(6, 7). Another gene of interest was SEPT4, which belongs to a 
family of nucleotide binding proteins involved in cytoskeletal orga-

nization (29). Whereas SEPT4 expression was induced in macaque 
progressors when compared with naïve or controllers as observed 
in human TB progressors, the reverse was true in mice where Sept4 
expression was lower in controllers and further decreased in pro-
gressors (Fig. 4C).

Fig. 3. Differentially expressed genes that are significantly different in TB controllers across species. (A) Higher in controller versus progressor and naïve in mouse 
and higher in controller versus progressor in macaque and human; (B) lower in controller versus progressor and naïve in both mouse and macaque; (C) higher in progressor 
versus controller and naïve in both mouse and macaque and higher in progressor versus controller in mouse (includes ACS signature genes and top 10 most significant 
other genes); (D) lower in progressor versus controller and naïve in both mouse and macaque and lower in progressor versus controller in mouse (top 10 most significant 
are shown). IgG, immunoglobulin G.
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In addition to analyzing the differences between the groups, the 
correlation of the gene expression of these ACS signature genes was 
compared to the percentage lung inflammation and the bacterial 
burden (table S4) across the controller and progressor samples 
(n = 29 for mouse, n = 12 for macaque). Significant correlations 
(P ≤ 0.05, after FDR correction) were observed for all ACS signature 
genes in macaque and in all genes except for SCARF1 and bacterial 
burden in mouse (P = 0.07), although it was significantly correlated 
with lung inflammation (P = 0.002). In both mouse and macaque, 
the ortholog of Fc Fragment Of IgG Receptor Ia (FCGR1a)/FCGR1b 
was the most significantly associated with the metadata (P = 4.9 × 
10−5 with lung inflammation and P = 8.3 × 10−5 with bacterial bur-
den in mouse, P = 1.2 × 10−6 with lung inflammation and P = 1.8 × 
10−14 with bacterial burden in macaque). In macaques, correla-
tions were higher with bacterial burden than with lung inflamma-
tion in all genes except GBP4 and SEPT4, although this was only 
true for half of the mouse genes. These correlation results suggest 
that the expression of these ACS signature genes correlates with dis-
ease severity even within the controller and progressor groups. Col-
lectively, our results suggest that the majority of human immune 
pathways induced in blood during TB disease progression are simi-
larly induced in the lungs of the animal models in this study. How-
ever, pathways involving Sept4 may function differentially in TB 
disease in mice when compared with macaques or humans. Thus, 
our studies provide an in-depth understanding of the conserved 
and diversified immune pathways in animal models and human TB.

Delineating the functional relevance of genes in the 16-gene 
ACS signature using gene-deficient mouse models
Using the well-established inbred mouse model of TB, we conducted 
mechanistic studies to delineate the functional relevance of genes in 
the 16-gene ACS signature that were increased in progressors in 
mice, macaques, and humans. Of the 16 human genes, APOL1 and 
ANKRD22 lack a mouse ortholog, and FCGR1a and FCGR1b only 
have one mouse ortholog (Fcgr1), leaving 13 potential genes for 
study. Etv6−/− mice are not viable and die between days 10 and 11 of 
embryonic development (30) and could not be evaluated. Therefore, 
we focused on the remaining 12 genes in this study. Accordingly, 
Scarf1−/−, Stat1−/−, Sept4−/−, Tap1−/−, Trafd1−/−, Batf2−/−, Serping1−/−, and 
Fcgr1−/− mice and mice deficient for five murine GBP genes located 
on chromosome 3 (Gbp1, Gbp2, Gbp3, Gbp5, and Gbp7−/−), namely, 
GbpChr3−/−, were inoculated with low doses of aerosolized Mtb 
clinical W-Beijing strain, HN878. At acute [30 days postinfection 
(dpi)] and chronic stages (60 dpi or more) of Mtb infection, lungs 
were harvested, and accumulation of immune cells, disease in-
flammation in the lungs, and Mtb burden were measured. In these 
studies, lung cellular immune responses such as CD4+, CD8+, 
accumulation of myeloid dendritic cells, alveolar macrophages, 
monocytes, recruited macrophages, and neutrophils were all enu-
merated and are shown in table S5. Only cellular responses in 
gene-deficient mice that were significantly different from control 
Mtb-infected control mice are included in the figures below. On 
the basis of the Mtb burden in the lung during acute, chronic, or 
both stages of infection, we classified the gene-deficient mice into 
three groups: (i) gene- deficient mice that did not exhibit any effects 
on Mtb control, suggesting that these genes do not contribute to 
protective outcomes in TB, at least in mice; (ii) gene-deficient 
mice that were more susceptible to Mtb infection and sustained 
higher Mtb burden, suggesting that these genes are important for 

protection; and (iii) gene-deficient mice that were resistant to Mtb 
infection and had decreased burden in the lung, suggesting that 
these genes were involved in mediating disease progression and TB 
susceptibility.
Serping1 of the 16-gene ACS signature mediates no effect on Mtb 
control in mice
SERPING1 (serpin family G member 1) is a highly glycosylated 
plasma protein that inhibits activated C1r and C1s and, thus, nega-
tively regulates complement activation (31). Although SERPING1 
mRNA expression is up-regulated in Mtb-infected lungs (32, 33), its 
contribution to Mtb control and inflammation has not been assessed. 
Mtb-infected wild-type C57BL/6 mice expressed Serping1 mRNA 
within granulomas (fig. S2A). Upon Mtb infection, no differences 
in lung bacterial burden were observed between Serping1−/− and 
wild-type mice with no major differences in myeloid or T cell pop-
ulations, except recruited macrophages at 30 dpi (fig. S2B and table 
S5). In contrast, we observed more inflammation in the lungs of 
Serping1−/− mice than wild-type mice at multiple time points (fig. 
S2B), which may be due to the activation of the complement cas-
cade (34, 35) in the absence of Serping1. Thus, Serping1 had no 
effect on Mtb control yet still regulated inflammation. Although 
no role in Mtb control was observed, a deficiency of Serping1 led to 
dysregulation of inflammation.
Genes in the 16-gene ACS signature that mediate protective 
responses in mice
Of the gene-deficient mice tested, those with an absence of Stat1, 
Tap1, Gbps, Trafd1, and Sept4 displayed increased Mtb susceptibility. 
STAT1 is critical for type I, II, and III IFN signaling pathways (36), 
and mice deficient in Stat1 are extremely susceptible to Mtb (37). 
Accordingly, Stat1−/− mice exhibited high lung Mtb burden during 
acute infection and severe lung inflammation, when compared with 
control Mtb-infected C57BL/6 mice (Fig. 5A). TAP1 (Transporter 
associated with Antigen Processing 1) facilitates loading of pep-
tide antigens onto major histocompatibility complex (MHC) class I 
molecules for presentation to CD8+ T cells, and Tap1−/− mice exhibit 
defects in MHC class I antigen presentation (38, 39). We found a 
significant increase in lung Mtb burden of Tap1−/− mice during 
the acute and chronic stages of infection (Fig. 5B) and decreased 
numbers of activated CD8+ T cells compared to infected wild-type 
mice (Fig. 5B and table S5). However, differences in the cytokine 
secretion profile of CD8+ but not CD4+ T cells were observed in 
Tap1−/− mice when compared with controls (fig. S3, A and B). Tap1−/− 
mice also had no changes in accumulation of neutrophils and re-
cruited macrophages (fig. S3C) but exhibited decreased accumula-
tion of alveolar macrophages at acute (30 dpi) phase of infection 
(fig. S3, D and E). Consistent with the increased lung Mtb burden, 
greater lung inflammation was observed in Tap1−/− than in wild-type 
mice at all the time points assessed (Fig. 5B). GBPs are IFN-inducible 
proteins with documented key antiviral and antibacterial functions 
(40, 41). The mouse genome has 13 Gbp genes (2 of which are 
pseudogenes) organized in specific clusters on chromosomes 3 and 5 
(42). To elucidate the contribution of the GBPs to host immunity 
to Mtb, we used mice lacking the entire cluster of Gbps on chro-
mosome 3 (GbpChr3−/−). In contrast to results with Mycobacteri-
um bovis BCG infection in Gbp1−/− mice (41), GbpChr3−/− mice 
demonstrated increased susceptibility only during chronic infec-
tion and not during the acute phase, and this coincided with decreased 
accumulation of lung neutrophils and recruited macrophages, with-
out affecting inflammation (Fig. 5C). TRAFD1 (TRAF-Type Zinc 

 at W
ashington U

niv S
chl of M

ed on January 29, 2020
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

http://stm.sciencemag.org/


Ahmed et al., Sci. Transl. Med. 12, eaay0233 (2020)     29 January 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

7 of 17

Fig. 4. Expression of the 16-gene ACS signature genes across species. (A) Ortholog gene expression of 13 of 16 human ACS signature genes (7) in progressor versus 
controller, progressor versus naïve, and controller versus naïve in mouse and macaque. Note that both FCGR1A and FCGR1B are represented by a single gene in mice and 
macaques, and human ETV7’s ortholog in mouse is called Etv6. (B) SCARF1 expression in progressor and controller versus naïve in mouse and macaque is shown. (C) SEPT4 
expression in progressor, controller, and naïve is shown in mouse and macaque. All P values shown on the expression swarm plots represent FDR-corrected significance 
values for differential expression calculated by DESeq2.
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Fig. 5. Genes in the 16-gene ACS signature that mediate protective immune responses during infection. Control or gene-deficient mice were infected with Mtb 
HN878 (100 CFU) by aerosol route. On 30, 60, and 100 days postinfection (dpi), lungs were harvested to assess bacterial burden by plating or inflammatory cell infiltration 
by flow cytometry or histologically by H&E staining in (A) Stat1−/− mice, (B) Tap1−/− mice, (C) GbpChr3−/− mice, (D) Trafd1−/− mice, and (E) Sept4−/− mice, and relevant 
controls are shown. The data points represent the means (±SEM) of one of two separate experiments. Significance for bacterial burden analysis for C57BL/6 and gene- 
deficient mice was determined using unpaired two-tailed Student’s t test at different dpi.
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Finger Domain Containing 1) belongs to the tumor necrosis factor 
(TNF) family–like genes and is a negative feedback regulator of the 
Toll-like receptor (TLR) signaling pathway, which results in the 
control of excessive immune responses (43, 44). Similar to GbpChr3−/− 
mice, Trafd1−/− mice displayed increased susceptibility only during 
chronic infection and not during the acute phase (Fig. 5D). This 
susceptibility coincided with a significant decrease (P = 0.001) in 
neutrophil accumulation at 60 dpi, without affecting recruited 
macrophage accumulation (Fig. 5D). Unexpectedly, we observed a 
decrease in lung inflammation in Trafd1−/− mice during acute 
and chronic infections (Fig. 5D). Trafd1 deficiency is known to 
regulate type I IFN responses (43), which could have an impact 
on the reduced inflammation observed.

Sept4 originally was described in yeast as a cell division cycle 
regulatory protein (45). Upon Mtb infection, Sept4−/− mice showed 
enhanced susceptibility to Mtb at early stages, which correlated with 
reduced accumulation of lung recruited macrophages but not neu-
trophils and increased inflammation, but this was not maintained 
during chronic stages of infection (Fig. 5E). Together, our results 
show that Stat1 and Tap1 contribute to protection through acute 
and chronic stages, whereas Gbps, Trafd1, and Sept4 have disease 
stage–dependent protective roles during Mtb infection.
Genes in the 16-gene ACS signature that mediate detrimental 
effects during infection of mice
Of the 16-gene ACS signature genes analyzed for functional rele-
vance in mice, we identified three genes (Batf2, Fcgr1, and Scarf1) 
that contribute to Mtb susceptibility at distinct phases of infection. 
BATF2(Basic Leucine Zipper ATF-Like Transcription Factor 2) is a 
basic leucine zipper transcription factor that is closely related to BATF 
and BATF3 (46), which together regulate dendritic cell differentia-
tion and development. Batf2/3−/− mice were more resistant to Mtb 
infection and unexpectedly showed improved Mtb control upon 
infection during the transition from acute to chronic stages at 60 
and 100 dpi (Fig. 6A). Because Batf3−/− mice are more susceptible to 
Mtb infection at 60 dpi, improved Mtb control likely depends on the 
loss of Batf2 expression (fig. S4), as also suggested recently (46). The 
increased resistance to Mtb infection was associated with diminished 
neutrophil and recruited macrophage accumulation in the lungs at 
60 dpi (Fig. 6A). However, the enhanced protection against Mtb in-
fection observed in the lungs of Batf2/3−/− mice was associated with 
enhanced proportion of CD4+ interleukin-17– positive (IL-17+) cells 
and CD4+ IL-17+ IFN+ cells (fig. S5). Batf2/3−/− mice demonstrated 
increased lung inflammation at 60 and 100 dpi (Fig. 6A), suggest-
ing that although Batf2 expression was detrimental to Mtb control, 
its expression limits inflammatory responses during Mtb infection, 
possibly mediated by T helper 17 (TH17) cells.

FCGR1 inactivation affects nitric oxide production by neutrophils 
(47), cytokine responses and antigen presentation (48, 49), and 
antibody-dependent killing of pathogens by macrophages (50). We 
used Fcgr1−/− mice to assess the functional significance of this gene 
in protective immunity to Mtb. We observed improved Mtb con-
trol in the lungs of Fcgr1−/− mice compared to the control mice at 60 
dpi (Fig. 6B). The decrease in lung Mtb burden in Fcgr1−/− mice was 
associated with reductions in neutrophils, but not in recruited macro-
phages, in the lung at both 60 and 100 dpi (Fig. 6B) but no major 
effect on inflammation in the lung tissue at 60 dpi (Fig. 6B), which 
coincided with increased IFN/IL-17 coproducing CD4+ T cell during 
early disease (fig. S6). Thus, both Batf2 and Fcgr1 are detrimental for 
Mtb control but likely required to limit inflammation in the lung.

SCARF1 is involved in the uptake of modified low-density lipo-
protein (LDL) or acetylated LDL (51, 52). We assessed the functional 
relevance of this gene for Mtb using Scarf1−/− mice. We observed a 
significant reduction (P = 0.002) in bacterial burden in the lungs of 
Scarf1−/− mice during the chronic phase (120 dpi) but not earlier 
(Fig. 6C). This was associated with reduced accumulation of neu-
trophils but not of recruited macrophages in the lungs of Scarf1−/− 
Mtb-infected mice compared to wild-type Mtb-infected mice (Fig. 6C). 
Although Scarf1 has been associated with clearance of apoptotic 
cells by macrophages (28) and impaired apoptotic cell clearance is 
associated with chronic inflammation (53), we observed reduced 
inflammation in the lungs of Scarf1−/− mice (Fig. 6C). To further 
characterize the functional role of Scarf1 in TB, we performed 
RNA-seq profiling of lung tissue from C57BL/6 mice and Scarf1−/− 
mice at 120 dpi, the time point at which Scarf1−/− mice exhibited 
better Mtb control and reduced inflammation. Differential gene 
expression analysis identified 218 higher and 394 lower expressed 
genes in infected Scarf1−/− compared to infected wild-type mice 
(table S6). While there was no functional enrichment among the 
218 induced genes (Fig. 6D), analysis of the reduced genes suggested 
that Scarf1 might affect neutrophil-related and other downstream 
immune signaling pathways.

To investigate whether similar biological pathways may be asso-
ciated with SCARF1 in humans, we sought to identify plasma pro-
teins quantified in a previous study (6, 54) that correlate with 
SCARF1 mRNA abundance in ACS progressors and controllers. 
Because soluble mediators of immune responses produced in inflamed 
tissues more readily enter the blood than intracellular RNAs, we 
hypothesized that plasma protein concentrations more likely reflect 
Mtb disease in the lungs than transcriptomic data from blood leu-
kocytes. Pearson correlation coefficients were calculated for SCARF1 
mRNA abundance in whole blood (measured by RNA-seq) and 
proteomics abundance data for 2872 plasma proteins (measured 
with SOMAscan, a highly multiplexed proteomic assay) (6, 54) across 
311 samples from 30 progressors (65 samples) and 102 nonprogressors 
(209 samples). These Pearson correlations per protein were used as 
a ranked input list for gene set enrichment analysis (GSEA) (55), 
performed using WebGestalt (56) to identify Reactome (57) path-
ways enriched among the highest- or lowest-ranking proteins. 
Because the GSEA considers the ranked positions of proteins within 
the list rather than the total number, any functional bias among the 
2872 proteins relative to the entire proteome will not affect the 
results. This analysis identified four significantly enriched pathways 
with SCARF1 gene expression in humans: neutrophil degranulation, 
IL-10 signaling (comprising primarily innate cytokines and chemo-
kines), the complement cascade, and the innate immune system 
(Fig. 6E and table S6). Genes in the neutrophil degranulation and 
innate immune system pathways were enriched as down-regulated 
genes in Mtb-infected Scarf1−/− mice when compared to infected 
wild-type control mice (table S6). This coincided with significantly 
decreased (P = 0.0007) IL-10 production in Mtb-infected Scarf1−/− 
macrophages when compared with C57BL6 Mtb-infected macro-
phages, whereas other cytokines such as TNF levels were com-
parable between B6 and Scarf1−/− macrophages (Fig. 6F). These 
data align with the human proteomics data, although genes in the 
IL-10 signaling pathway were not enriched among down-regulated 
genes in the Scarf1−/− mice (table S6). Compared to the well-defined 
large granulomas with enhanced collagen expression in the lungs of 
infected wild-type mice, the lung granulomas in Scarf1−/− mice were 
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not well formed, with 
little to no collagen ex-
pression (fig. S7, A and 
B). Mtb-infected wild-
type C57BL/6 mice ex-
pressed Scarf1 mRNA within granulomas (fig. S7C). Furthermore, 
Scarf1 protein localized to granulomas within the lungs of Mtb- 
infected wild-type mice and progressor macaques (fig. S7D). 
Five of the 394 genes lower in the Scarf1−/− mice also overlapped 
with the 17 proteins correlated with SCARF1 expression in hu-
mans (IL-1, tissue inhibitor of metalloproteinase 1, IL-1 receptor 

antagonist, TNF receptor superfamily member 1a, and prostaglandin- 
endoperoxide synthase 2) (table S6). Together, these results impli-
cate SCARF1 as a key regulator of the innate immune response 
that possibly can contribute to immunopathology and tissue 
destruction during the chronic stages of TB disease in mice and 
humans.

Fig. 6. Genes in the 16-gene 
ACS signature that mediate 
detrimental effects during 
infection. Wild-type or gene- 
deficient mouse strains were 
infected with Mtb HN878 
(100 CFU) by aerosol route. 
On 30, 60, 100, and 120 dpi, 
lungs were harvested to as-
sess bacterial burden by plat-
ing, or inflammatory cell 
infiltration by flow cytome-
try, or histologically by H&E 
staining in (A) Batf2/3−/− mice, 
(B) Fcgr1−/− mice, (C) Scarf1−/− 
mice, and relevant controls. 
(D) DESeq2 differential gene 
expression comparisons iden-
tified in infected Scarf1−/− mice 
compared to wild-type mice 
at 120 dpi. ECM, extracellular 
matrix ; MET, MET receptor ty-
rosine kinase. (E) Gene set en-
richment analysis (GSEA) for 
Reactome pathways signifi-
cantly enriched among human 
proteins with high correla-
tion to SCARF1. Enrichment 
plots are shown for each of 
the terms, showing the rela-
tive rank of genes from the 
enriched pathways (across 
the x axis), and (F) IL-10 and 
TNF production was mea-
sured in culture superna-
tants from uninfected and 
Mtb HN878–infected bone 
marrow–derived macrophages 
(MOI, 1) from C57BL/6 and 
Scarf1−/− mice after 2 dpi. The 
data points represent the 
means (±SEM) of one of two 
separate experiments. Bac-
terial burden in gene-deficient 
mice compared to control 
mice and cytokine production 
from macrophages were 
performed using unpaired 
two-tailed Student’s t test at 
different dpi.
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DISCUSSION
The pace of translational discoveries from animal models to human 
TB for many platforms including vaccines, therapeutics, biomark-
ers, and diagnostics is suboptimal because of a poor understanding 
of shared immune correlates of disease and protection across spe-
cies. In this study, we provide an in-depth identification of the con-
served and diversified immune pathways in animal models and 
human TB. Our results suggest that most of the prominent differ-
entially expressed genes induced during TB disease progression are 
conserved in mice, macaques, and humans. However, some path-
ways ([e.g., Septin 4 (SEPT4)]) may function differently in TB dis-
ease in mice or be regulated differentially when compared with ma-
caques or humans. Using the well-established inbred mouse model 
of TB, our mechanistic studies begin to define the functional rel-
evance of a suite of genes strongly associated with disease progres-
sion (6, 7, 58) and TB (4, 5) in humans. We classified the gene-de-
ficient mice infected with Mtb into groups that were more susceptible 
to Mtb infection, suggesting that these host genes contribute to pro-
tection. In addition, gene-deficient mice that had increased resis-
tance to Mtb infection suggest that these genes likely mediate disease 
progression and TB susceptibility. One such pathway is the Scarf1 
pathway, which we identified as a driver of TB immunopathogenesis 
across species. Our studies in mice also identified genes that did not 
exhibit any direct effects on Mtb control but regulated inflammation. 
Last, we identified that genes expressed during control of Mtb infec-
tion across species are related to the repair of lung injury. Together, 
these results identified cross-species correlates of disease and anno-
tated the functional role of specific genes within the 16-gene ACS 
signature. These findings may allow more effective use of appropriate 
animal models for translation to human TB.

Animal models are critical for testing vaccines and therapeutics 
for clinical development for human use. The two most widely used 
animal models of TB are mice and NHPs. Although the former are 
most extensively used, the latter are universally accepted to recapit-
ulate key aspects of the human TB disease. However, some cellular 
phenotypes and immune signaling events occurring in uninfected 
hosts are different between mice, NHPs, and humans (59). Animal 
models have been predictive of some human mechanisms of immuno-
logical protection, such as the roles of the cytokines IFN and TNF 
in protective immunity to TB (60–62). Mice deficient in IFN and 
TNF are vulnerable to Mtb infection in inbred mouse models (60–62). 
In humans, deleterious mutations in the IFN-IFNAR-STAT1 pathway 
give rise to Mendelian susceptibility to TB (63), and humans with 
Mtb infection who undergo therapeutic TNF blockade are at in-
creased risk of TB reactivation (64). However, these examples are 
limited, as it is not known if immune correlates of TB disease are 
similar or distinct in mice, macaques, and humans. In addition, 
most mouse studies have used inbred strains with the major limita-
tion that genetic diversity, a key driver of variability in infection 
outcome and immune responses in macaques and humans, is not 
reflected in the inbred mouse model. Although the mouse model of 
TB has been useful in identifying some key immune mechanisms 
responsible for the control of TB (65) and assessment of drugs and 
therapeutics, its utility in effectively modeling the progression of 
Mtb infection and pathology has been questioned (66, 67). Recently, 
two mouse models with the ability to offer maximal allelic variation, 
thus mimicking human populations, have been generated. One, the 
Collaborative Cross model, is a large panel of inbred mouse strains 
that display a broad range of susceptibility to Mtb infection (68). 

The other, the DO mouse model, is produced by an outbreeding 
strategy such that each DO mouse is genetically unique, and their 
groups approximate the genetic diversity found in human popula-
tions. When DO mice were infected with standard doses of Mtb via 
aerosol, supersusceptible, susceptible, and resistant phenotypes were 
observed (8, 9). In the current study, we show that with the excep-
tion of Sept4 and orthologs absent in mice, 12 of the ACS signature 
(7) genes are up-regulated in the lungs of progressor DO mice, 
when compared with controller DO mice. Therefore, vaccines or 
therapeutics targeting immune pathways in mice, excluding the 
Sept4 pathway, may reflect outcomes occurring in human TB. Upon 
aerosol infection with Mtb, macaques typically either progress to 
TB disease or, unlike mice but similar to humans, remain asymp-
tomatic. Our study demonstrates that the rhesus macaque progres-
sors faithfully express the 16-gene ACS signature, with the exception 
of TAP1, for which there is no known macaque ortholog. This is 
consistent with a study of the cynomolgus macaque model of low-
dose Mtb infection, which showed that a subset of genes comprising 
the 16-gene ACS signature prospectively discriminated progressor 
from controller animals 3 to 6 weeks after infection (69). One lim-
itation of the study is that the number of NHP animals per group 
was lower (naïve and controller) than the number of mice and 
human samples per group owing to associated expense of experi-
mentation. In addition, another limitation was in the cross-species 
RNA-seq comparison analysis of the human ACS gene signature, as 
it was based on predefined orthologous protein family groups by 
Ensembl. Also, if no ortholog was identified in the other two model 
species (mice or macaques), then only the topmost homologous gene 
match was accepted (above the set threshold).

In our NHP experiments, the challenge dose of 10 colony-forming 
units (CFU) versus 100 CFU was used as the key determinant of 
disease outcome as either “controller” or “progressor.” However, the 
DO mice were all challenged with the same Mtb dose, and therefore 
in the DO mouse model, the dose of Mtb is not the primary deter-
minant of disease progression where the same infectious dose leads 
to a range of bacterial burdens and inflammation in the lungs. We 
interpret this spectrum of clinical outcome as a significant advan-
tage of the DO model given that such a spectrum is observed in 
human Mtb infection outcomes. Bacterial burden and inflammatory 
responses are interdependent, and some gene expression changes 
may be a response to heightened bacteria, not the cause. We were 
not able to rule out from these correlative data that the differentially 
expressed genes are the consequence of the different bacterial loads, 
which may very well be the case and is a limitation of the current 
study.

Consistent with humans who progress to TB, IFN response 
pathways, innate immune system, cytokine signaling, complemen-
tation activation, myeloid cell activation pathways such as TLR cas-
cades, and signaling by ILs were elevated in progressor mice and 
macaques. When we considered pathways that were up-regulated in 
controllers compared to progressors in macaques and mice, those 
associated with lung remodeling and repair were prominent, thus 
providing important insights into protective immune parameters 
that limit TB disease. The identification of several genes associated 
with controlled Mtb infection projects these genes as potential can-
didates for drug targeting or biological experimentation to better 
understand their role in Mtb control.

Our work suggests that molecular mechanisms that govern the 
equilibrium between lung repair and inflammatory immune responses 
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are the key determinants of progression of Mtb infection. This 
result was remarkable in light of recent work demonstrating that 
IL-22, a mediator of epithelial repair, was protective against chronic 
infection of mice with the virulent HN878 strains of Mtb (70). The 
biological pathways associated with control of Mtb infection can 
thus engender hypotheses of protective immunity. One limitation 
of this study is that we were unable to follow up on specific mecha-
nisms uncovered by our findings in DO mice as these studies will 
require gene knockouts to enable functional studies.

Despite the limitation that genotype-phenotype relationships 
are complex to infer by studying a single genetic background (71), 
our studies with gene-deficient mice show that greater susceptibility 
to Mtb infection is likely due to underlying deficiencies in distinct 
immunological mechanisms. For example, an absence of Stat1 in 
mice, and humans with mutations in STAT1, results in greater sus-
ceptibility to Mtb infection (37). Accordingly, Stat1−/− mice had in-
creased Mtb burden and increased inflammation due to defects in 
TH1 immunity, which is critical for control of Mtb replication (37). 
By contrast, the up-regulation of STAT1 transcripts in TB progres-
sors reflects Mtb-induced inflammation and type I and II IFN sig-
naling, which is indicative of elevated Mtb replication. In Tap1−/− 
mice, cell surface expression of MHC class I is impaired, and thus, 
CD8+ T cell priming is defective as shown here and before (39). 
GBPs are guanosine triphosphatases induced in response to IFNs 
and regulate activation of macrophages in response to many patho-
gens. GBPs function through induction of autophagy, activation of 
inflammasomes, and formation of vacuolar compartments (72). 
GBPs have important roles in controlling several pathogens, includ-
ing Toxoplasma gondii and M. bovis (41, 73). In light of this, our 
finding that increased Mtb lung burden was observed only at late 
time points after Mtb aerosol infection in GbpChr3−/− mice was 
unexpected. We acknowledge that gene deficiency in multiple GBP 
proteins (GbpChr3−/− mice lack functional Gbp1, Gbp2, Gbp3, Gbp5, 
and Gbp7), only some of which may be implicated in immunity to 
Mtb, may underlie this finding. However, it is also possible that 
although GBPs are critical for immunity to M. bovis (41, 73), the 
role of GBPs in Mtb infection may be more redundant. Because 
TRAFD1 is associated with negative regulation of inflammation 
(43, 44), it would be expected that a genetic deficiency might result 
in enhanced inflammation in the lungs. Unexpectedly, a deficiency 
of Trafd1 resulted in reduced lung inflammation during late stages 
of Mtb infection. It has been reported that cells lacking TRAFD1 
secrete more IFN than wild-type cells (43). Because IFN has 
anti-inflammatory effects by promoting a switch from TH1 to TH2 
responses in blood cells (74), this might explain the reduced inflam-
mation observed in our study. Although there is as yet no published 
data on interaction between Trafd1 and Gbp genes, they belong to 
the category of IFN-stimulated genes whose expression occur in 
response to type 1 or type II IFN stimulation (75). Therefore, it is 
interesting to observe a similar pattern in the bacterial burden in 
the lungs of GbpChr3−/−- and Trafd1−/−-infected mice, which 
could possibly implicate a role for Stat signaling. SEPT4 has been 
implicated in diverse cellular functions, including cytokinesis, 
apoptosis, and tumor suppression (76, 77). Sept4−/− mice have 
improved wound healing and regeneration of hair follicles and are 
protected against apoptosis (76), and males are sterile due to immo-
tile and structurally defective sperm (77). In our study, Sept4−/− 
mice exhibited transient susceptibility due to reduced macrophage 
recruitment.

In the absence of Serping1, mice undergo greater activation of the 
complement pathway and sustain increased inflammation (34, 35). 
It remains to be determined if this mechanism explains the increased 
inflammation seen in Serping1 deficiency during Mtb infection.

In a third group of gene-deficient mice, the absence of Batf2, 
Scarf1, and Fcgr1 improved Mtb control and was associated with 
reduced neutrophil recruitment. Neutrophil accumulation is asso-
ciated with increased disease severity in human TB (3, 8) and in 
mouse models of TB (21, 78). Although these three genes were 
directly associated in Kyoto Encyclopedia of Genes and Genomes 
(79) or Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) (80) functional protein databases, identification of path-
ways overlapping in the absence of these genes may allow us to de-
fine targets that can limit neutrophil accumulation and improve 
Mtb control. Our studies show that plasma proteome markers of 
innate immune activation, neutrophil degranulation, and comple-
ment activation pathways correlate with SCARF1 mRNA expression 
of human TB progressors. These pathways were down-regulated 
in Scarf1−/−-infected mice, suggesting a previously unknown func-
tional role for SCARF1 in modulating neutrophil-mediated immu-
nopathology during TB. A number of mediators of lung matrix 
destruction, the process that leads to cavitary TB in humans, were 
among the proteins and genes associated with SCARF1 expression; 
this suggests a possible role for SCARF1 in regulating pulmonary 
caseation, necrosis, and cavitation, which are associated with poor 
treatment outcome (81). Moreover, the IL-10 signaling pathway 
was the top enriched reactome in the human proteomics analysis 
conducted. IL-10–producing macrophages preferentially clear 
apoptotic cells (82), and Scarf1 has been associated with clearance 
of apoptotic cells (28). However, IL-10 also aids immune evasion 
strategies of mycobacteria, and IL-10 overexpression in mice fails to 
control Mtb infection and mice develop severe lung pathology (83). 
In summary, we investigated transcriptional signatures in lung 
samples from DO mice and NHPs infected with Mtb that reflect a 
spectrum of infection and disease outcomes. Comparison of these 
transcriptional signatures with those from human TB led to identi-
fication of common immune correlates of TB disease that not only 
implicate overlapping biology but also highlight distinct processes 
between animal models and humans. Our results and data provide 
a resource that will be valuable to others in the field. Furthermore, 
our functional studies using gene-deficient mouse models have 
addressed the functional role of TB disease risk signatures and 
demonstrate that specific immune pathways associated with TB 
progression can be protective or detrimental, or can regulate infec-
tion and inflammation during Mtb infection. Together, our cross- 
species findings provide insights into modeling TB disease and the 
immunological basis of TB disease progression.

MATERIALS AND METHODS
Study design
Our objective was to compare the common immune correlates of 
TB disease and risk across species. Whole-blood RNA-seq data 
from human subjects were aligned to the hg19 human genome 
using Genomic Short-read Nucleotide Alignment Program (GSNAP), 
as performed previously (7). Normalized gene-level expression esti-
mates were derived from mapped read pairs. Briefly, mapped read 
pairs were assigned to genes by collapsing all transcripts into a sin-
gle gene model and counting the number of reads that fully overlap 
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the resulting exons using htseq (v.0.6.0) (84), with strict intersection 
and including strand information. Gene models for protein-coding 
genes were downloaded from Ensembl (GRCh37.74). Reads that 
mapped to multiple locations were only counted once, and those 
mapping to ambiguous regions were excluded. Log2-transformed 
values of counts normalized by adjusted library counts were com-
puted using the cpm function of the edgeR package (85). All mouse 
strains were bred in-house, used at 6 to 8 weeks of age, and sex-
matched, and both sexes were used for all experiments. Specific 
pathogen–free (SPF), adult Indian rhesus macaques of both sexes 
were obtained from the Tulane National Primate Research Center. 
Animals were infected with Mtb via the aerosol route, and tissues were 
collected for RNA-seq analysis. All animal experiments were performed 
in accordance with national and institutional guidelines for animal care 
under approved protocols (animal protocol numbers: mice, 20160129; 
macaque, P0295R). Primary data are reported in data file S1.

Mice
C57BL/6J, DO (86), and 129SvEv (87) mice were obtained from the 
Jackson Laboratory and bred at Washington University in St. Louis. 
Fcgr1−/− (88), Scarf1−/− (28), Batf3−/− (89), Batf2−/− (90), Batf2/3−/−, 
and GbpChr3−/− (73) mice were obtained from J. Ravetch (Rockefeller 
University), T. Means (Sanofi), K. Murphy (Washington University 
in St. Louis), and M. Yamamoto (Osaka University, Japan). The 
129SvEv mice were used as relevant controls for Batf3−/−, Batf2−/−, 
and Batf2/3−/− mice, whereas C57BL/6J mice were controls for all 
other gene-deficient mice. CRISPR-Cas9 gene editing was used to 
generate mice with an out-of-frame 7-nt deletion in Serping1. The 
sequence of the Serping1 locus was retrieved from the National 
Center for Biotechnology Information (NCBI), and a single guide 
RNA (sgRNA) targeting the third exon was designed on the basis of 
the RefSeq annotation. The sgRNA was selected on the basis of its 
low off-target profile and the absence of single-nucleotide polymor-
phisms: 5′-AGCACTGAGCAAGCGGCTCCGGG-3′. The gRNA con-
taining the scaffold was generated by in vitro synthesis (MEGAscript 
T7 Transcription Kit, Invitrogen), followed by cleanup (MEGAclear 
Transcription Clean-Up Kit, Invitrogen). Cas9 protein and gRNA 
were complexed and electroporated into C57BL/6J zygotes. After 
next-generation sequencing of founders and two generations of mice 
backcrossed to C57BL/6J mice, a mouse line with a 5′-GCCCGGA-3′ 
deletion at 383 to 389 nt in the Serping1 complementary DNA 
(cDNA) was generated. After an additional round of backcrossing 
to C57BL6/J mice, homozygous Serping1−/− mice were produced 
and used for experiments. Sanger sequencing of a polymerase chain 
reaction amplicon [5′CCTGGCCAACAACCAGTGTAGC-3′ (forward) 
and 5′-GGCACAGCCTCGCAGAAG G-3′ (reverse)] was used for 
genotyping. Serping1−/− mice were born in normal Mendelian fre-
quencies and showed no apparent defects in development, growth, 
or fecundity. Lack of expression of Serping1 mRNA expression was 
confirmed in lungs of Serping1−/− Mtb-infected mice. Cryopreserved 
sperm from Trafd1−/− (43) mice was obtained from the Riken 
Resource Center (Tokyo, Japan), and in vitro fertilization was per-
formed in the Micro-Injection Core at Washington University in 
St. Louis. All mouse strains were bred in-house, used at 6 to 8 weeks 
of age, and sex-matched for all experiments.

Infection and tissue harvest
Inbred and outbred mice were cohoused but segregated by sex in an 
ABSL3 facility and infected via aerosol route with ~100 CFU of Mtb 

strain HN878 using a Glas-Col airborne infection system as de-
scribed previously (91). At given time points after infection, lungs 
were collected and homogenized to assess bacterial burden. Indian 
rhesus macaques were housed in an ABSL3 facility and verified to 
be free of Mtb infection by tuberculin skin test. Mtb-naïve, SPF 
Indian rhesus macaques were exposed to aerosols of Mtb strain 
CDC1551 (92). Animals were exposed to either a high (93) or a low 
(94) dose designed to inoculate 100 or 10 CFU in their lungs. Although 
both groups of animals developed positivity to mammalian old 
tuberculin after experimental aerosol infection, animals exposed to 
the higher dose developed TB, as characterized by fever, rapid 
weight loss, elevated serum complement-reactive protein (CRP) 
levels, high chest x-ray scores, and detection of viable Mtb CFUs in 
the bronchoalveolar lavage fluid (93). The animals exposed to low 
dose were deemed to have asymptomatic TB based on the absence 
of clinical signals but evidence of TB exposure (tuberculin skin test, 
PRIMAGAM-IGRA). The animals were subjected to weekly physical 
examinations by board-certified clinicians, including evaluation of 
body temperature and weight, and complete blood chemistries, 
including serum CRP levels (94, 95). Lung tissue from both mice 
and NHPs were homogenized and snap-frozen in Qiagen Tissue Lysis 
Buffer (RLT), and deoxyribonuclease (DNase)–treated total RNA 
was extracted using the Qiagen RNeasy Mini kit (Qiagen) for RNA-
seq analysis.

In vitro Mtb infection of bone marrow–derived macrophages
Bone marrow cells from the femur and tibia of C57BL/6J and gene- 
deficient mice were extracted, and 1 × 107 cells were plated in 10 ml of 
complete Dulbecco’s modified Eagle’s medium (cDMEM) supple-
mented with mouse recombinant mouse granulocyte-macrophage 
colony-stimulating factor (rmGM-CSF; 20 ng/ml) (PeproTech) (8). 
Cells were then cultured at 37°C in 5% CO2. On day 3, 10 ml of 
cDMEM containing rmGM-CSF (20 ng/ml) was added. On day 7, 
adherent cells were collected as macrophages (8). Macrophages 
were infected with Mtb strain HN878 [multiplicity of infection 
(MOI), 1] in antibiotic-free cDMEM for 2 dpi, after which culture 
supernatants were assayed for IL-10 and TNF using enzyme-linked 
immunosorbent assay (R&D Biosystems) according to the recom-
mended standard protocols.

Generation of single-cell suspensions from tissues and flow 
cytometry staining
Single-cell suspensions of lungs from untreated or Mtb-infected 
mice were isolated as previously described (91). Briefly, mice were 
euthanized with CO2; the right lower lobe was isolated and per-
fused with heparin in saline. Lungs were minced and incubated in 
collagenase/DNase for 30 min at 37°C. Lung tissue was pushed 
through a 70-m nylon screen to obtain a single-cell suspension. 
After lysis of erythrocytes, the cells were washed and resuspended in 
complete DMEM (DMEM high glucose/10% fetal bovine serum/1% 
penicillin/streptomycin) for flow cytometry staining. The following 
fluorochrome-conjugated antibodies were used for cell surface staining: 
CD11b APC (clone: M1/70; Tonbo Biosciences), CD11c-PeCy7 
(clone: HL3; BD Biosciences), GR-1 Phycoerythrin (PE) (clone: 
RB6-8C5; Tonbo Biosciences), CD3 AF700 (clone: 500A2; BD Bio-
sciences), CD4 Pacific Blue (PB)  (clone: RM4.5; BD Biosciences), 
CD44 PeCy7 (clone: 1M7; Tonbo Biosciences), and CD8 APC Cy7 
(clone: 53-6.7; BD Biosciences). For intracellular staining, fixation/
permeabilization concentrate and diluent (eBioscience) were used 

 at W
ashington U

niv S
chl of M

ed on January 29, 2020
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

http://stm.sciencemag.org/


Ahmed et al., Sci. Transl. Med. 12, eaay0233 (2020)     29 January 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

14 of 17

to fix and permeabilize lung cells following the manufacturer’s in-
structions. Intracellular staining with IFN APC (clone: XMG1.2; 
Tonbo Biosciences) and IL-17A PE (BD Pharmingen) or the respec-
tive isotype control antibodies (APC rat IgG1 k and PE rat IgG1 k 
isotype, BD Pharmingen) was performed for 30 min. Samples were 
acquired on a 4 laser BD Fortessa Flow cytometer, and the analysis 
was performed using FlowJo (Treestar LLC). As before (70), alveolar 
macrophages were gated on CD11c+CD11b− cells, neutrophils were de-
fined as CD11b+CD11c−Gr-1hi cells, monocytes were defined as CD-
11b+CD11c−Gr-1med cells, and recruited macrophages were defined 
as CD11b+CD11c−Gr-1low cells (fig. S8). Total numbers of cells within 
each gate were back-calculated on the basis of cell counts per indi-
vidual lung sample.

Histological analysis
The left upper lobe was collected for histological analysis of inflam-
mation. The lobes were infused with 10% neutral buffered formalin 
and embedded in paraffin. Lung sections (5 m) were cut using a 
microtome, stained with hematoxylin and eosin (H&E), and pro-
cessed for light microscopy. Formalin-fixed paraffin-embedded 
(FFPE) lung sections were stained for collagen and muscle using 
Masson’s Trichrome 2000 stain procedure kit (American MasterTech), 
as per the manufacturer’s instructions. Images were captured using 
the automated NanoZoomer digital whole slide imaging system 
(Hamamatsu Photonics). Regions of inflammatory cell infiltration 
were delineated using the NDPview2 software (Hamamatsu Photonics), 
and the percentage of inflammation was calculated in relation to the 
total lung area of each section. All scoring was conducted in a blinded 
manner using n = 3 to 5 per group of mice.

In situ hybridization
FFPE lung tissue sections were subjected to in situ hybridization 
(ISH) with the RNAscope Probes, Scarf1 cat. no. 535551) or Serping1 
cat. no.535071), using the RNAscope 2.5 HD Detection Reagent- 
RED kit or the RNAscope 2.5 HD Detection Reagent-BROWN kit, 
as per the manufacturer’s recommendations (Advanced Cell Diag-
nostics). Representative images were acquired with the Leica Appli-
cation Suite V4.5 microscope and software (Leica Microsystems).

RNA sequencing
Mouse or macaque lung tissues were homogenized and snap-frozen 
in RLT buffer, and DNase-treated total RNA was extracted using 
the Qiagen RNeasy Mini kit (Qiagen). RNA-seq libraries were gen-
erated using the Clontech SMART-Seq v4 Ultra Low Input RNA Kit 
for sequencing and the Illumina Nextera XT DNA Library preparation 
kit following the manufacturer’s protocol. The cDNA libraries were 
validated using the KAPA Biosystems primer premix kit with 
Illumina-compatible DNA primers, and quality was examined 
using Agilent Tapestation 2200. The cDNA libraries were pooled at 
a final concentration of 1.8 pM. Cluster generation and 75–base 
pair paired-read dual-indexed sequencing was performed on Illumina 
NextSeq 500. After adapter trimming using Trimmomatic v0.36 
(96), RNA-seq reads were aligned to their respective genome assem-
blies [Mus musculus GRCm38 and Macaca mulatta Mmul_8.0.1–
Ensembl release 91.0 (14)] using HISAT2 v2.1.0 (97). All raw RNA-seq 
fastq files were uploaded to the NCBI Sequence Read Archive [SRA 
(98)], and complete sample metadata and accession information are 
provided in table S1. Read fragments (read pairs or single reads) were 
quantified per gene per sample using feature Counts (version 1.5.1) 

(99). FPKM (fragments per kilobase of gene length per million reads 
mapped) normalization was also performed. Gene annotations and 
matches across species were assigned by retrieving the top hit 
macaque and human gene to each mouse gene using data retrieved 
from Ensembl (14) (release 91.0). Human data for the blood RNA 
signature were retrieved from a previous study (7), and significance 
values for the association with progressors or controllers were 
aligned to mouse genes using these human gene matches to the 
mouse genome. Because Ensembl annotations did not provide a 
direct ortholog for several key signature genes, these were instead 
matched by identifying the top mouse hit for the human genes: 
GBP4 to ENSMUSG00000028268 (reciprocal top hit), GBP-1 to 
ENSMUSG00000040264 (mouse to human second-best hit; GBP-2 
was the top hit), and ETV-7 to ENSMUSG00000030199 (mouse to 
human second-best hit; ETV-6 was the top hit). Also, note that 
FCRG1a and FCRG1b both matched to the same mouse gene 
(ENSMUSG00000015947; mouse to human top two hits are to these 
two genes). Significantly differentially expressed genes between naïve, 
controller, and progressor sample sets were identified using DESeq2 
(version 1.4.5) (100) with default settings and a minimum P value 
significance threshold of 0.05 [after FDR (101) correction for the 
number of tests]. Principal components analysis was also calculated 
using DESeq2 output (default settings, using the top 500 most vari-
able genes). Read counts, relative gene expression levels, gene anno-
tations, and differential expression data for the mouse genes and 
their corresponding macaque genes, and the alignment to the 
human dataset (7) are available in table S2. Pathway enrichment 
analysis for Reactome (57) pathways among gene sets of interest was 
performed using the WebGestalt (56) web server (table S6).

Statistical analysis
Where applicable, comparisons between two groups were performed 
using the unpaired two-tailed Student’s t test, using the GraphPad 
Prism 5 software. In all instances, P ≤ 0.05 was considered as signifi-
cant. DESeq2 (version 1.4.5) (100) with default settings and a minimum 
P value significance threshold of 0.05 [after FDR (101) correction 
for the number of tests] were used for all RNA-seq comparisons of 
differential expression. Associations between ACS signature gene 
expression levels and TB infection metadata (presented as significance 
P values for Pearson correlations; table S4) were tested using the 
Student’s “t” distribution and FDR correction was carried out for 
the number of tests performed.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/528/eaay0233/DC1
Fig. S1. Differential gene expression (DESeq2) across species.
Fig. S2. Serping1 regulates inflammation but not Mtb control in mice.
Fig. S3. T cell cytokine profile and myeloid cell recruitment in Mtb-infected Tap1−/− mice.
Fig. S4. Protection from Mtb HN878 infection is mediated by Batf2.
Fig. S5. IL-17–producing CD4+ TH17 cell cytokines are increased in Mtb-infected Batf2/3−/− mice.
Fig. S6. T cell cytokine profile in Mtb-infected Fcgr1−/− mice.
Fig. S7. SCARF1 expression drives inflammation within TB granulomas.
Fig. S8. Hierarchical gating strategy used to identify myeloid populations in mice lungs.
Table S1. RNA-seq sample metadata and accessions.
Table S2. FPKM gene expression values and differential expression statistics for the top 1000 mouse 
genes, including information about ortholog matches in human and macaque.
Table S3. Significance testing for overlaps of differentially expressed genes between species.
Table S4. Correlation analysis between ACS signature genes and TB metadata (lung inflammation 
and bacterial bacteria) among mouse and macaque controller and progressor samples.
Table S5. Flow cytometry quantification of lung cellular subsets in control and gene-deficient 
models infected with Mtb.
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Table S6. Significantly enriched Reactome pathways among gene sets of interest.
Data file S1. Primary data.
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