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Introduction
Mycobacterium tuberculosis (Mtb), the causative agent of the dis-
ease tuberculosis (TB), is estimated to infect one-fourth of the 
world’s population and results in approximately 1.6 million deaths 
each year (1). In addition, the emergence of multidrug and exten-
sively drug-resistant Mtb strains and variable efficacy of the cur-
rently used vaccine, Mycobacterium bovis BCG, are barriers to 
global control of TB. Thus, more research is needed to fully under-
stand the mechanisms of TB immunopathogenesis that can be tar-
geted to improve host control of Mtb infection.

Neutrophil accumulation has been associated with TB disease 
in humans and mouse models of TB (2, 3). Neutrophils are the 
primary Mtb-infected cell population in the sputum, bronchoalve-
olar lavage (BAL) fluid, and cavities of Mtb-infected patients (4). 
In mouse models, neutrophils are among the first cells infected 
with Mtb and are capable of recognizing and responding to Mtb 

infection and displaying effector functions (5, 6). Calprotec-
tin, also known as S100A8/A9, is mainly expressed by myeloid 
cells, specifically neutrophils and monocytes, and is a feature of 
chronic inflammatory diseases, such as autoimmune diseases 
and TB (7–9). S100A8 and S100A9 covalently form the hetero-
complex protein S100A8/A9 and bind to receptors such as TLR4 
and the receptor for advanced glycation end products (RAGE), 
which mediates a proinflammatory response through NF-κB and 
nuclear factor erythroid-derived 2-like 2 (Nrf2) signaling (10, 11). 
We recently demonstrated that S100A8/A9-expressing neutro-
phils accumulated within TB granulomas in human and animal 
models of TB and that S100A8/A9 serum levels coincided with 
increased neutrophil numbers and enhanced TB disease in active 
TB (ATB) patients (7). However, we did not fully understand the 
mechanism or mechanisms by which S100A8/A9 mediates neu-
trophil accumulation that may promote TB disease severity.

In the current study, we demonstrate that S100A8/A9 expres-
sion mediated accumulation of lung neutrophils in chronically 
Mtb-infected mice. Additionally, the observed accumulation was 
mirrored by increased S100A8 and S100A9 mRNA in whole blood 
transcriptional profiles of latently infected individuals (LTBI) who 
progressed to ATB disease (progressors) when compared with 
individuals who did not progress to TB disease (nonprogressors). 

Neutrophil accumulation is associated with lung pathology during active tuberculosis (ATB). However, the molecular 
mechanism or mechanisms by which neutrophils accumulate in the lung and contribute to TB immunopathology are not 
fully delineated. Using the well-established mouse model of TB, our new data provide evidence that the alarmin S100A8/A9 
mediates neutrophil accumulation during progression to chronic TB. Depletion of neutrophils or S100A8/A9 deficiency resulted 
in improved Mycobacterium tuberculosis (Mtb) control during chronic but not acute TB. Mechanistically, we demonstrate that, 
following Mtb infection, S100A8/A9 expression is required for upregulation of the integrin molecule CD11b specifically on 
neutrophils, mediating their accumulation during chronic TB disease. These findings are further substantiated by increased 
expression of S100A8 and S100A9 mRNA in whole blood in human TB progressors when compared with nonprogressors and 
rapidly decreased S100A8/A9 protein levels in the serum upon TB treatment. Furthermore, we demonstrate that S100A8/
A9 serum levels along with chemokines are useful in distinguishing between ATB and asymptomatic Mtb-infected latent 
individuals. Thus, our results support targeting S100A8/A9 pathways as host-directed therapy for TB.
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Mtb uptake as well as reduced ability to upregulate CD11b integrin 
expression. Importantly, we demonstrate that S100A8/A9 serum 
levels along with chemokines are useful for distinguishing between 
ATB patients and LTBI. Our results suggest that targeting S100A8/
A9 as host-directed therapy in TB would provide pathways that can 
be used as adjunct therapy to improve Mtb control.

Results
Depletion of neutrophils during chronic but not acute TB improves 
Mtb control. A neutrophil-associated transcriptional signature 
was reported in ATB patients, and neutrophil accumulation was 

Importantly, serum levels of S100A8/A9 protein decreased rapidly 
upon successful TB treatment. These studies suggest that, in ani-
mal models and human progressors, S100A8/A9 expression levels 
increase during TB progression or chronic TB disease. Consistent 
with a detrimental role for S100A8/A9, mice depleted of neutro-
phils or deficient in S100A9 exhibited decreased Mtb burden in the 
lungs during chronic infection and TB reactivation. The improved 
Mtb control in S100A9KO mice coincided with reduced lung 
neutrophil accumulation within TB granulomas and decreased 
expression of the integrin CD11b on neutrophils. Our mechanistic 
in vitro studies show that S100A9KO neutrophils have defective 

Figure 1. Neutrophil depletion during chronic TB improves Mtb control. (A) The numbers of blood neutrophils from Rhesus macaques with ATB (n = 8) or LTBI 
(n = 10) were measured at dpi following Mtb infection or at necropsy (N). B6 mice (n = 5–13) were aerosol infected with approximately 100 CFU Mtb HN878. (B) 
Neutrophil accumulation was determined by flow cytometry at dpi. B6 mice were infected with Mtb HN878 and administered IgG (n = 5–10) or 1A8 (n = 5–10, 
300-μg/dose) i.p. every other day. (C) Bacterial burden in the lung and spleen was determined by plating on 21 dpi. (D) Lung homogenates were analyzed for 
G-CSF protein expression by ELISA on 21 dpi. (E) Pulmonary inflammation was quantified on formalin-fixed, paraffin-embedded (FFPE) lung sections from 21 
dpi samples stained with H&E. B6 mice were infected with HN878 and administered IgG (n = 4–5) or 1A8 (n = 4–5, 300-μg/dose) i.p. every other day. (F) Bacterial 
burden in the lung and spleen was determined by plating on 106 dpi. (G) Lung homogenates were analyzed to measure levels of IL-6 and TNF-α proteins at 106 
dpi using Luminex assays. (H) Pulmonary inflammation was quantified on FFPE lung sections from 106 dpi tissues stained with H&E. Figures depict 1 experi-
ment representative of 2 or combined data from multiple experiments. Data points represent the mean ± SEM of values. (A) 2-way ANOVA; (B) Student’s t test 
between 0 and indicated dpi; (C–G) Student’s t test between isotype- and 1A8-treated mice. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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specifically depletes neutrophils (12), during acute Mtb infection 
did not affect overall lung and spleen Mtb burden (Figure 1C). 
Treatment with 1A8 depleted lung neutrophils significantly, but 
also coincided with increased monocyte and macrophage popula-
tions and increased production of the chemokine G-CSF (Figure 
1D and Supplemental Figure 1A; supplemental material available 
online with this article; https://doi.org/10.1172/JCI130546DS1). 
However, despite changes in myeloid cell accumulation, the total 
inflammatory area measured in the lung was not significantly 
altered (Figure 1E). In contrast, 1A8 treatment during chronic Mtb 
infection led to decreased Mtb burden in both the lung and spleen 
(Figure 1F). Neutrophil depletion during chronic TB did not affect 
other myeloid populations (Supplemental Figure 1B), but there 
was decreased production of proinflammatory cytokines, such as 
IL-6 and TNF-α (Figure 1G). The area of lung cellular inflamma-

associated with TB disease in mouse models (2, 3, 7). Consis-
tent with this, neutrophils accumulated in the blood during ATB, 
but not in asymptomatic latency in macaques infected with Mtb 
(Figure 1A). However, it is unclear whether neutrophils play dis-
tinct roles during the acute and chronic stages of Mtb infection. 
Thus, we studied the kinetics of neutrophil accumulation in the 
well-established mouse model of low-dose aerosol Mtb infection 
in C57BL/6J (B6) mice. Neutrophils accumulated in the lung fol-
lowing infection with Mtb HN878 early, starting at 30 days post 
infection (dpi). Accumulation further increased during chronic 
stages of infection, starting around 60 dpi and continuing until 
300 dpi (Figure 1B). As we observed increased neutrophil accu-
mulation during both acute and chronic stages, we next addressed 
the functional role for neutrophils at the 2 distinct phases of Mtb 
infection. We found that treatment with 1A8 antibody, which 

Figure 2. S100A8/A9 mRNA levels 
are indicators of TB disease pro-
gression in mice and humans with 
TB. B6 mice (n = 3–5) were aerosol 
infected with approximately 100 CFU 
Mtb HN878. (A) Lung S100A8/A9 lev-
els were determined by ELISA at dpi. 
(B) The number of neutrophils was 
correlated with the levels of S100A8/
A9 using a linear regression of the 
means. (C) Kinetics of S100A8 and 
S100A9 mRNA expression over time, 
expressed as log2 fold change (FC) 
between bin-matched progressors 
(n = 44) and controls (n = 106) and 
modeled as nonlinear splines (dotted 
lines). Light green shading represents 
99% CI and dark green shading 95% 
CI for the temporal trends, computed 
by performing 2000 spline fitting 
iterations after bootstrap resam-
pling from the full data set. The 
deviation time (day), calculated as 
the time point at which the 99% CI 
deviates from a log2 fold change of 
0, is indicated by the vertical red line. 
Pulmonary TB patients were enrolled 
and treated with standard first-line 
TB regimen. Serum samples were col-
lected at time of diagnosis (0) and at 
weeks 2, 6, and 26 during treatment. 
S100A8/A9 levels were determined 
by ELISA in patients that were (D) 
successfully treated and cured (n 
= 34), (E) successfully treated but 
relapsed (n = 10), and (F) cured (n = 
34) versus failed treatment (n = 10) 
at 2 weeks after treatment initiation. 
(A) Student’s t test between 0 and 
indicated dpi; (B) linear regression of 
the means; (D–F) mixed effects anal-
ysis of 1-way ANOVA with Dunnett’s 
posttest. Figures depict 1 experiment 
representative of 2 or combined data 
from multiple experiments. Data 
points represent the mean ± SEM of 
values. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001; ****P ≤ 0.0001.
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Figure 3. S100A8/A9 deficiency protects mice during chronic TB. B6 (n = 5–10) and S100A9KO (n = 5–9) mice were aerosol infected with approximately 
100 CFU Mtb HN878. (A and B) Lung and spleen bacterial burden were determined by plating at different dpi. Lung myeloid population cell counts were 
enumerated in B6 and S100A9KO HN878-infected mice using flow cytometry at 50, 100, 150, and 300 dpi. (C) Neutrophils and (D) other myeloid cells are 
shown. (E) FFPE lung sections were used to carry out immunofluorescence staining for Ly6G (green), MPO (red), and DAPI (blue) or B220 (green), CD3 
(red), and DAPI (blue). (F) Total area occupied by B cell follicles was determined using the morphometric tool of the Zeiss Axioplan microscope. Original 
magnification, ×200. Figures depict 1 experiment representative of 2 or combined data from multiple experiments. Data points represent the mean ± SEM 
of values. (A–F) Student’s t test between B6 and S100A9KO at each indicated time point. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 1 0 2 jci.org   Volume 130   Number 6   June 2020

progressors about 6 months before TB diagnosis compared with 
expression levels in matched healthy controls (HCs) (Figure 2C). 
Our results show that, in both mice and in humans, an increase in 
S100A8/A9 expression coincides with TB disease progression.

Thus, we next determined whether serum levels of S100A8/
A9 protein declined upon successful treatment in ATB patients 
receiving standard first-line TB treatment. In ATB patients that 
were successfully treated and were either cured (n = 34; Figure 
2D) or cured but then relapsed in the following 2 years after treat-
ment (n = 10; Figure 2E), the S100A8/A9 levels decreased rapidly 
by 2 weeks after treatment and continued to decrease throughout 
treatment. However, in patients that failed TB treatment (n = 10; 
Figure 2F), the S100A8/A9 levels did not decrease significantly 
within the first 2 weeks after treatment. Together, our data show 
that S100A8/A9 increases during TB disease progression and that 
levels decline sharply upon successful TB treatment.

S100A9 deficiency improves Mtb control during chronic infec-
tion by limiting neutrophil accumulation. Our new data here show 
that S100A8/A9 levels increase during chronic Mtb infection in 
mice and human TB progressors and that depletion of neutrophils 
during chronic infection in mice improves Mtb control (Figures 1 
and 2). Therefore, we next assessed the long-term outcome of 
Mtb infection in B6 and S100A9KO mice (15) (which lack func-
tional S100A8/A9) during chronic stages of infection with Mtb 
HN878. Although lung and spleen Mtb HN878 CFU was compa-
rable at 50 dpi, we found that, during chronic infection from 100 
dpi until 300 dpi, Mtb CFU in the lungs of S100A9KO mice were 
significantly lower when compared with those in B6 HN878- 

tion was still not affected in mice when neutrophils were depleted 
during chronic infection (Figure 1H). These data together suggest 
that, despite early accumulation of neutrophils, neutrophils do not 
significantly affect Mtb control during acute stages of infection. In 
contrast, neutrophil accumulation during chronic Mtb infection 
may have a functional role in promoting higher Mtb burden and 
contribute to increased susceptibility.

S100A8/A9 is induced during progression to TB disease in animal 
models and in humans. S100A8/A9 makes up 40% of the cytoplas-
mic protein of a neutrophil (13). In addition, we have shown that 
increased serum S100A8/A9 levels correlate with increased neu-
trophils in peripheral blood of ATB patients (7). Accordingly, we 
found that accumulation of S100A8/A9 levels in Mtb-infected 
mouse lungs also closely followed the accumulation of neutrophil 
influx in the infected lung. Early increased production of S100A8/
A9 was detected between 15 and 30 dpi, and sustained produc-
tion during chronic infection was observed after 30 dpi (Figure 
2A). As TB disease progressed, S100A8/A9 levels increased, coin-
ciding with the increased accumulation of neutrophils observed 
in chronically Mtb-infected lungs (Figure 1B and Figure 2A), and 
the S100A8/A9 levels positively correlated with the number of 
lung neutrophils (Figure 2B). Thus, we next addressed whether 
S100A8/A9 expression also correlated with TB disease progres-
sion in humans with LTBI. Therefore, we analyzed the whole blood 
transcriptional mRNA levels of S100A8 and S100A9 in participants 
enrolled in the Adolescent Cohort Study (ACS) of TB progressors 
and matched Mtb-infected controls (14). Transcript levels of both 
S100A8 and S100A9 mRNA significantly increased in the TB 

Figure 4. Targeting the S100A8/A9 pathway limits susceptibility to chronic TB and TB reactivation. Mtb-infected B6 and S100A9KO (n = 10) mice were 
treated with RAGE inhibitor (1 mg/kg RAGE-specific blocker FPS-ZM1 [n = 5] or DMSO in PBS [n = 5]) at 205 dpi for 15 days, and (A) lung bacterial burden at 
220 dpi was determined by plating. (B) Pulmonary inflammation was quantified on FFPE lung sections stained with H&E, and (C) area occupied by B cell 
follicles was quantified histologically. B6 (n = 9) or S100A9KO (n = 13) infected mice were treated with rifabutin (100 mg/l) and INH (200 mg/l) for 6 weeks, 
and mouse organs were then harvested and homogenized at 140 dpi to determine reactivation of Mtb infection. (D) Lung bacterial burden was determined 
by plating, (E) pulmonary inflammation was quantified on FFPE lung sections stained with H&E, and (F) quantification of MPO+Ly6G+ neutrophils was 
carried out in FFPE lung sections. Figures depict 1 experiment representative of 2 or combined data from multiple experiments. Data points represent the 
mean ± SEM of values. (A) One-way ANOVA with Tukey’s posttest; (B–F) Student’s t test between groups. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001.
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infected mice (Figure 3, A and B). This improved Mtb control 
was also observed during infection with another clinical strain, 
HN563, but not when the lab-adapted Mtb strain H37Rv was used 
(Supplemental Figure 2, A and B).

S100A8/A9 plays a key role in neutrophil recruitment and 
accumulation (16–18), and thus the absence of S100A8/A9 may 
promote improved Mtb control by altering cellular accumulation to 
the lung and regulating inflammation. Coinciding with the timing 
of improved Mtb control in the lungs of S100A9KO mice at 100 dpi, 
we found that neutrophil accumulation was reduced, while other 
myeloid subsets, such as alveolar macrophages (AMs), recruited 
macrophages (RMs), monocytes, and DCs, were not significant-
ly different in lungs of S100A9KO mice when compared with B6 
infected mice (Figure 3, C and D). However, at the later stage of 
chronic disease, AMs, DCs, monocytes, and neutrophils were all 
reduced in S100A9KO mice when compared with B6 infected lungs 
(Figure 3, C and D). The localization of myeloperoxidase-expressing 
(MPO-expressing) neutrophils within TB granulomas during chron-
ic infection was also decreased in S100A9KO mice, suggesting that 
S100A8/A9 expression promoted the accumulation of neutrophils 
in the lung, specifically localization within TB granulomas (Figure 
3E). Presence and maintenance of B cell follicles within lung granu-
lomas have been associated with effective Mtb control through opti-
mal macrophage activation (19). Consistent with improved protec-
tion in the lungs of S100A9KO infected mice at chronic stages, lung 
B cell follicle area was significantly enhanced within TB granulomas 
(Figure 3F). However, despite altered accumulation of neutrophils 
within granulomas in S100A9KO mice, overall inflammatory area 
or the specific type of inflammation (myeloid or lymphocytic) in the 

lungs of S100A9KO Mtb-infected mice was not significantly differ-
ent when compared with that in Mtb-infected B6 mice (Supplemen-
tal Figure 3, A and B).

S100A8/A9 binds to RAGE (20), and delivery of RAGE inhib-
itor (FPS-ZM1) to Mtb-infected mice during the chronic stages of 
infection significantly decreased Mtb burden so that it was simi-
lar to levels observed in S100A9KO mice (Figure 4A). Although 
inflammation was not significantly decreased in RAGE-treated 
mice, B cell follicle size was significantly increased within TB 
granulomas (Figure 4, B and C). Delivery of the RAGE inhibi-
tor to Mtb-infected S100A9KO mice (4.89 ± 0.095 log10CFU) 
did not significantly decrease Mtb burden when compared with 
that in DMSO-treated S100A9KO Mtb-infected mice (5.28 ± 
0.44 log10CFU), suggesting that the off-target effects of use of 
RAGE inhibitor are minimal (P = 0.1213). These results togeth-
er suggest that absence of S100A8/A9 expression or inhibition 
of its receptor function both improve Mtb control during chronic 
TB. To further experimentally test the role of S100A8/A9 in TB 
reactivation and disease progression, we used the Cornell mouse 
model of TB reactivation in which mice were infected with Mtb 
and treated with antibiotics, following which reactivation of Mtb 
was assessed. Our data show that, while B6 mice that received 
antibiotic chemotherapy reactivated with significantly elevated 
Mtb CFU in the lung, S100A9KO mice exhibited significantly 
lower rates of reactivation and harbored overall lower lung Mtb 
CFU when compared with B6 mice, with 8 of 14 mice exhibiting 
no detectable lung Mtb CFU (Figure 4D). In conjunction with 
lower Mtb CFU, while inflammation was not altered, neutrophil 
accumulation was significantly decreased in lung granulomas of 

Figure 5. CD11b+ cells mediate improved protection in S100A9KO Mtb-infected mice. B6 (n = 5–24) and S100A9KO (n = 5–24) mice were aerosol infected 
with approximately 100 CFU Mtb HN878. (A) CD11b MFI on neutrophils, monocytes, and RMs was determined using flow cytometry at 50, 100, 150, and 
300 dpi. S100A9KO (n = 6) infected mice received CD11b+ purified cells from B6 mice (50 μL containing 1 × 106 cells) intratracheally at 100 dpi. (B) Lung 
bacterial burden was determined by plating at 120 dpi. (C) Lung homogenates were analyzed by Luminex for CXCL-1 and CXCL-2 at 300 dpi. Figures depict 1 
experiment representative of 2 or combined data from multiple experiments. Data points represent the mean ± SEM of values. (A and C) Student’s t test 
between B6 and S100A9KO per time point; (B) 1-way ANOVA with Tukey’s posttest. *P ≤ 0.05; ***P ≤ 0.001; ****P ≤ 0.0001.
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S100A9KO mice (Figure 4, E and F). These results suggest that, 
while S100A8/A9 expression coincides with neutrophil accumu-
lation and improved Mtb control, S100A8/A9 expression did not 
directly regulate inflammation during TB.

S100A8/A9 expression regulates CD11b expression on neutro-
phils during chronic TB. As neutrophil accumulation was markedly 
decreased in S100A9KO Mtb-infected mice, we next determined 
whether the integrin CD11b, a key molecule in leukocyte adhesion 
and migration (21), was differentially expressed on the surface of 
myeloid cells in S100A9KO Mtb-infected mice when compared 
with B6 Mtb-infected mice. We observed that CD11b surface 

expression was significantly decreased within lung neutrophils in 
S100A9KO Mtb-infected mice during chronic stages of infection, 
whereas lung monocytes and RMs had no significant changes in 
CD11b expression (Figure 5A). Similar decreases in CD11b expres-
sion on lung neutrophils were observed when S100A9KO mice 
were infected with M. bovis BCG by the pulmonary route (Supple-
mental Figure 4). Gr-1 (Ly6G/Ly6C) surface expression was also 
assessed, but no significant changes were seen in the aforemen-
tioned other lung myeloid cell populations during both acute and 
chronic stages of infection in S100A9KO mice when compared 
with B6 Mtb-infected mice (data not shown). As myeloid cells, such 

Figure 6. S100A8/A9 regulates CD11b expression on neutrophils. Bone marrow neutrophils were isolated and infected with mCherry-labeled HN878 (MOI 
of 1) for 3 hours. (A) Mtb uptake by neutrophils was determined in B6 (n = 5) and S100A9KO (n = 5) neutrophils using flow cytometry. (B) MFI of CD11b, Gr-1, 
and CD18 expression on uninfected (UI) and highly infected (Mtbhi) neutrophils was determined by flow cytometry. Bone marrow neutrophils were isolated 
and infected with HN878 (MOI of 1) for 3 hours. (C) Expression of phagocytic markers quantitated via RT-PCR and (D) TNF-α and IL-6 levels as quantitat-
ed by Luminex assays. Bone marrow neutrophils were isolated from B6 (n = 5) and S100A9KO (n = 5) mice and infected with HN878 (MOI of 1) for 1 hour. 
(E) Neutrophil chemotactic activity was assayed against gravity controls (Grav.) (circles) or supernatants from infected epithelial cells (Supe.) (squares). 
Neutrophils from B6 mice were left untreated or treated with HK Mtb, Mtb CFP, and Mtb CW. (F) CD11b and Gr-1 MFI were assessed using flow cytometry. 
Bone marrow neutrophils from IKKfl/fl LysMCre mice (n = 5) and IKKfl/fl (n = 5) mice were infected with Mtb (MOI 1). (G) Mtb uptake and MFI of CD11b and Gr-1 
expression on uninfected or infected neutrophils was determined by flow cytometry. Figures depict 1 experiment representative of 2 or combined data 
from multiple experiments. Data points represent the mean ± SEM of values. (A–G) Student’s t test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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S100A9KO neutrophils also coincided with increased produc-
tion of proinflammatory cytokines, such as IL-6 and TNF-α, in 
Mtb-infected neutrophil supernatants when compared with B6 
Mtb-infected neutrophils (Figure 6D). We also assessed whether 
Mtb-infected S100A9KO neutrophils were deficient in chemo-
tactic ability when compared with Mtb-infected B6 neutrophils 
and found that the ability of S100A9KO neutrophils to migrate 
toward supernatants from Mtb-infected epithelial cells was not 
impaired (Figure 6E). To address whether live Mtb infection was 
required for CD11b upregulation, we then tested to determine 
whether stimulation with heat-killed (HK) Mtb or components 
of Mtb would similarly regulate the S100A8/A9-dependent 
effects on CD11b regulation. We found that HK Mtb and stimula-
tion with culture filtrate protein (CFP) and cell wall components 
(CW) of Mtb similarly induced an S100A9-dependent CD11b 
upregulation on neutrophils, suggesting that live Mtb infection 
was not necessary (Figure 6F). Since S100A8/A9 is known to 
induce NF-κB signaling, we also wanted to understand the role 
of NF-κB signaling in mediating CD11b upregulation. We isolat-
ed neutrophils from IKKfl/fl LysMCre mice, which lack canonical 
IKK and NF-κB signaling in LysM-expressing cells. We found that 
lack of NF-κB signaling reduced Mtb infection in neutrophils (Fig-
ure 6G) and that NF-κB signaling was required for upregulation of 
CD11b and Gr-1 on Mtb-infected neutrophils (Figure 6G). These 
results together demonstrate that absence of S100A8/A9 expres-
sion on neutrophils substantially affects Mtb uptake and CD11b 
induction following Mtb infection, which is in part dependent on 
NF-κB signaling.

S100A8/A9 along with chemo kines can distinguish between 
ATB and LTBI. Our data demonstrate that S100A8/A9 mRNA 
levels increased during progression to TB in humans and rap-
idly decreased upon successful TB treatment. Thus, we wanted 
to next address whether serum S100A8/A9 levels can be used 
to distinguish ATB patients from healthy LTBI and uninfected 
HCs. S100A8/A9 serum protein levels were significantly higher 
in ATB patients compared with HCs (Table 1 and Figure 7A). We 
also found increased S100A8/A9 serum levels in LTBI tuberculin 
skin test+ (TST+) and quantiferon+ (QFT+) household contacts of 
ATB patients and LTBI TST+QFT+ individuals with occupational 
exposure to TB when compared with uninfected HCs (Figure 7A). 
These results suggest that S100A8/A9 levels could serve as an eas-
ily measurable surrogate of TB disease progression in LTBI indi-
viduals. Additionally, we assessed whether increased S100A8/
A9 serum protein was only increased during ATB or was also 
increased in other acute and chronic inflammatory pulmonary dis-
eases. Although S100A8/A9 serum protein levels were not higher 

as neutrophils and monocytes, are among the primary producers 
of S100A8/A9 (9, 22), we addressed whether adoptive transfer of 
CD11b+ cells producing S100A8/A9 could reverse the improved 
Mtb control seen in S100A9KO Mtb-infected mice. Accordingly, 
CD11b+ cells transferred into S100A9KO mice resulted in increased 
lung Mtb burden, suggesting that a CD11b myeloid population was 
contributing to the increased susceptibility during Mtb infection 
(Figure 5B). This was not because of transfer of Mtb within CD11b+ 
transferred cells, as colocalization of Mtb with S100A9 expression 
was minimal in transferred cells (Supplemental Figure 5). These 
data were corroborated by decreased lung protein levels of neu-
trophil-attracting chemokines CXCL-1 and CXCL-2 in S100A9KO 
mice during chronic infection (Figure 5C). Taken together, these 
data show that absence of S100A8/A9 during chronic Mtb infec-
tion reduced neutrophil localization and decreased expression of 
CD11b expression on neutrophils; adoptive transfer of CD11b cells 
reversed the protection observed in S100A9KO Mtb- infected lung.

S100A8/A9 regulates CD11b expression on neutrophils during 
Mtb infection. Our data point to a critical role for S100A8/A9 
in regulating CD11b expression specifically on neutrophils 
to modulate accumulation into the lung. To mechanistically 
address the role of S100A8/A9 in regulation of CD11b expres-
sion on neutrophils and Mtb control, bone marrow–derived 
neutrophils were infected with reporter-expressing Mtb and 
Mtb infection and neutrophil marker expression was assessed. 
Although B6 neutrophils were more readily infected with Mtb, 
S100A9KO neutrophils showed significantly decreased infect-
ed neutrophils (Figure 6A). Consistent with our data from lung 
neutrophils, CD11b expression was significantly upregulated on 
B6 Mtbhi neutrophils, but not as highly induced in S100A9KO 
Mtbhi neutrophils (Figure 6B). S100A9KO neutrophils expressed 
lower levels of CD11b even in uninfected controls, as previ-
ously shown (15), suggesting that while S100A8/A9 regulates 
the expression of CD11b at homeostatic levels, this effect is 
much more profound upon Mtb infection. However, in B6 neu-
trophils, the fold induction of CD11b upon Mtb infection was 
1.96, compared with 2.42 in S100A9KO mice. Similar results 
were obtained when Gr-1 and CD18 levels were measured on 
S100A9KO Mtb-infected neutrophils when compared with 
B6 Mtb-infected neutrophils (Figure 6B). This coincided with 
increased induction of mRNA for signaling receptors, such as 
TLR2 and TLR4, and phagocytic receptors, such as C-type lec-
tin receptor and macrophage inducible Ca2+- dependent lectin 
receptor (MINCLE), which play a role in phagocytosis of Mtb (23, 
24), but not formyl peptide receptor 1 (FPR1) or DECTIN-1 (Fig-
ure 6C). This increased expression of phagocytic receptors on 

Table 1. Descriptive statistics (median and IQR) of biomarkers in ATB, latent TB, HCs, and influenza-infected patients

ATB Latent TB HC Influenza
 Median IQR Median IQR Median IQR Median IQR
CXCL1 145.92 122.23, 184.57 129.66 100.1, 158.01 106.84 98.12, 134.61 364.52 219.78, 508.03
CXCL10 1140.84 469.07, 2231.9 254.94 173.72, 344.72 257.4 126.53, 414.44 1306.98 475.25, 2456.59
S100A8/A9 5990.69 2906.09, 10050.35 1595.7 1075.03, 2821.5 960.37 490.84, 1771.91 11254.61 9266.72, 12263.68
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(7). Median serum biomarker concentrations, with IQRs, across 
the 3 groups of participants are included in Table 2. The medians 
were the lowest in the uninfected HCs for all biomarkers, fol-
lowed by levels in LTBI, and the highest expression was noted in 
the ATB group. When influenza and ATB groups were compared, 

in patients with chronic obstructive pulmonary disease (COPD), 
S100A8/A9 serum levels were much higher in influenza-infected 
patients when compared with levels in ATB patients (Figure 7A 
and Table 1). These results suggest that S100A8/A9 serum mea-
surements may distinguish between ATB and LTBI, while taking 
into consideration clinical symptoms 
that may confound the measurements.

As CXCL-1 and CXCL-10 serum 
levels were additionally increased 
in ATB patients (Table 1), we next 
sought to understand whether com-
bining S100A8/A9 with CXCL-1 and 
CXCL-10 serum protein levels will 
improve biomarker performance for 
distinguishing ATB patients from 
LTBI and HC than S100A8/A9 alone 

Table 2. Differences in the distribution across the 3 individual biomarkers

P valueA P value for pairwise comparisonsB

ATB vs. latent TB ATB vs. HC Latent TB vs. HC ATB vs. influenzaA

CXCL1 0.0001 0.0198 <0.0001 0.1539 <0.0001
CXCL10 <0.0001 <0.0001 <0.0001 0.997 0.5789
S100A8/A9 <0.0001 <0.0001 <0.0001 0.0206 0.0006
AKruskal-Wallis test. BDwass, Steel, Critchlow-Fligner method.

Figure 7. S100A8/A9 proteins can distinguish between ATB and HCs. Healthy uninfected 
controls (TST–QFT–) (n = 26), LTBI household contacts (TST+QFT+LTBI) (n = 36), LTBI occupa-
tional-exposed individuals who are TST+QFT+ (n = 19), LTBI occupational-risk individuals who 
are TST+QFT– (n = 9), ATB (n = 52), patients with COPD (n = 16), and influenza (Flu) (n = 18) 
patient sera were collected and (A) S100A8/A9 levels were determined by ELISA. Groups were 
compared with 1-way ANOVA with Dunnett’s posttest. (B) ROC curves of single (top) and top 3 
biomarker combinations (bottom) for ATB versus HC (left) and ATB versus LTBI (right) shown. 
*P ≤ 0.05; ****P ≤ 0.0001.
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Discussion
Neutrophils have recently been implicated as drivers of immuno-
pathogenesis of TB in human and animal models (2, 7, 25). How-
ever, the molecular mechanisms by which neutrophils regulate TB 
immunopathogenesis are not clearly understood. In this study, 
we demonstrate that neutrophils accumulate during progression 
to TB disease in Mtb-infected humans and mice and play a det-
rimental role during chronic TB disease in mice. Additionally, 
S100A8/A9 levels mirror neutrophil accumulation in the lungs 
of mice, and S100A9 deficiency in mice results in improved Mtb 
control during chronic disease. We show that the mechanism by 
which S100A8/A9 contributes to increased TB disease pathogen-
esis operated by regulating the expression of the integrin CD11b, 
which is required for neutrophil accumulation in the lung (15, 17). 
Furthermore, S100A9 deficiency also reduces TB reactivation in 
mice, and use of RAGE inhibition results in improved Mtb control. 
Finally, our human studies suggest that S100A8/A9 levels along 
with expression of chemokines such as CXCL-1 and CXCL-10 may 
serve to distinguish between LTBI and ATB from HCs. Together, 
our results demonstrate that S100A8/A9 play pivotal functions in 
regulating neutrophil accumulation during TB, primarily through 
their effects on CD11b expression, thus providing insights into the 
immunopathogenesis of TB.

Although neutrophil accumulation has been associated with 
increased disease in mouse and nonhuman primate (NHP) mod-
els, as well as human TB, it is still unclear whether neutrophils have 
protective or pathological functions in Mtb infection (2, 26–29). 
Despite neutrophils being one of the first cell types infected with 
Mtb (5), our results show that neutrophil depletion during acute 
Mtb infection in the B6 resistant strain has no significant impact on 
Mtb control or TB pathology. Indeed, in highly susceptible mouse 
strains, such as I/St inbred mice, neutrophil depletion during acute 
stages may similarly improve Mtb control and pathology (30). Our 
data show that depletion of neutrophils during chronic Mtb infec-
tion improves Mtb control and clearly establish a detrimental role 
for neutrophils during the chronic stages of Mtb infection. Addi-
tionally, that the levels of lung S100A8/A9 correlate with neutro-
phil accumulation during chronic TB in mice suggests a threshold 
of neutrophil accumulation may likely be required for the detri-
mental effects of neutrophils and S100A8/A9 proteins during TB. 
Additionally, during very late stages of infection, it is possible that 
the threshold is no longer needed, as other compensatory effects 
may mediate immunopathogenesis. During chronic inflamma-
tion, S100A8/A9 proteins are important in the generation and 
recruitment of myeloid-derived suppressor cells (MDSCs) (31). 
Accumulation of mycobacterial permissive and immunosuppres-
sive polymorphonuclear and mononuclear MDSCs has also been 
reported in chronic Mtb infection in both mice and humans (32, 
33). These immunoregulatory cells localize to the perinecrotic 
regions of chronic granulomas in the lungs of murine and NHP TB 
models, signifying host failure of Mtb replication control (33–35). 
Although the presence of CD11bloGr-1hiLy6GhiLy6Clo polymorpho-
nuclear MDSCs (PMN-MDSCs) was not specifically investigated 
here, it is possible that the MDSCs are included in the CD11b+Gr-1+ 
gate used in the current study. Interestingly, while both neutro-
phil depletion and S100A8/A9 deficiency improved Mtb control, 
overall inflammatory lung disease was not affected. In the case 

expression of both CXCL-1 and S100A8/A9 was higher in influen-
za-infected patients when compared with levels in ATB patients 
(Table 2). Overall and pairwise comparisons are listed in Table 3, 
where the differences in the distribution of the biomarkers across 
all levels were significant when comparisons were made between 
ATB and LTBI as well as ATB and HC. For a threshold of 114 pg/
mL, CXCL-1 could differentiate between ATB and HC groups 
with a sensitivity of 88.4% (95% CI, 0.78–0.96) and a specificity 
of 61.5% (95% CI, 0.42–0.80), while for CXCL-10, a threshold of 
302 pg/mL would differentiate between ATB and HC with a sen-
sitivity of 86.5% (95% CI, 0.76–0.94) and a specificity of 57.7% 
(95% CI, 0.38–0.76). For S100A8/A9, a threshold of 1805 pg/
mL would differentiate between ATB and HC with a sensitivity of 
92.3% (95% CI, 0.84–0.98) and a specificity of 76.9% (95% CI, 
0.57–0.92). Notably, S100A8/A9 levels were the only significant 
determination when LTBI and HCs were compared pairwise and 
not when CXCL-1 and CXCL-10 were determined for pairwise 
comparisons between the LTBI versus HC (Table 2). Furthermore, 
receiver operating characteristic (ROC) analysis was applied to 
appraise the diagnostic values of the 3 biomarkers individual-
ly and their combination (Tables 3 and 4). Combining S100A8/
A9 along with CXCL-1 and CXCL-10 into a biomarker signature 
improved differentiation between ATB and HCs (0.9467, 95% CI, 
0.88–1.0) when compared with using CXCL-10 and S100A8/A9 
as combined biomarker signatures (0.9268, 95% CI, 0.85–0.99; 
Tables 3 and 4 and Figure 7B).

Table 3. AUC of model biomarker combinations

Models AUC LL 95% CI UL 95% CI
ATB vs. HCs   
S100A8/A9 0.9083 0.8373 0.9793
CXCL1 0.8003 0.6930 0.9076
CXCL10 0.8536 0.7685 0.9386
S100A8/A9+CXCL1+CXCL10 0.9467 0.8893 1.0000
CXCL10+ S100A8/A9 0.9268 0.8633 0.9903
CXCL10+CXCL1 0.9157 0.8448 0.9866
CXCL1+ S100A8/A9 0.9231 0.8537 0.9925

ATB vs. latent TB
S100A8/A9 0.8575 0.7897 0.9254
CXCL1 0.6421 0.5454 0.7387
CXCL10 0.8665 0.797 0.9359
S100A8/A9+CXCL1+CXCL10 0.8968 0.8398 0.9538
CXCL10+ S100A8/A9 0.8925 0.8326 0.9524
CXCL10+CXCL1 0.8841 0.8201 0.9480
CXCL1+ S100A8/A9 0.8581 0.7905 0.9256

Latent TB vs. HCs   
S100A8/A9 0.6777 0.5434 0.8120
CXCL1 0.6230 0.5082 0.7378
CXCL10 0.5049 0.3610 0.6488
S100A8/A9+CXCL1+CXCL10 0.6701 0.5507 0.7895
CXCL10+S100A8/A9 0.6593 0.5227 0.7958
CXCL10+CXCL1 0.6148 0.4994 0.7303

Bold text shows top 3 model combinations in terms of the AUC. LL, lower 
limit; UL, upper limit.
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isolated neutrophils. Additionally, it is of considerable interest 
that, while S100A9KO mice were protected from infection with 
a clinical Mtb isolate, HN878, S100A9KO mice did not show any 
protection when infected with a lab-adapted Mtb strain, H37Rv. 
Thus, our data suggest that S100A8/A9 may play homeostatic 
roles in regulating CD11b expression in bone marrow neutrophils, 
and following infection and likely resultant induction of inflam-
matory signals, these effects may be amplified. Our data showing 
that S100A9KO neutrophils upon Mtb infection induce higher lev-
els of phagocytic receptor expression, including TLR2, TLR4, and 
MINCLE, and coincident increased expression of IL-6 and TNF-α 
suggest that one mechanism by which S100A9KO mice exhibit bet-
ter Mtb control in vivo during chronic TB could be increased Mtb 
uptake and role for neutrophils in Mtb clearance. Neutrophil che-
motaxis has been associated with cytoskeletal reorganization and 
actin polymerization and regulation. S100A9-deficient neutrophils 
had actin defects when responding to IL-8 stimulation, suggesting 
that S100A9 has a role in cytoskeletal dynamics and reorganization 
(15). Despite our studies showing that S100A9KO neutrophils do 
not exhibit any defects in chemotactic migration toward Mtb-in-
fected epithelial cell supernatants, it is possible that functional 
actin coordinates cell surface integrin regulation (e.g., CD11b/
CD18) and could affect neutrophil migration and adhesion in vivo; 
this will be tested in future studies. Together, these data suggest 
that S100A8/A9 expression in the lung may induce chemokines 
that mediate neutrophil accumulation, potentially directly acting 
as a chemoattractant for neutrophils (17), but also by upregulating 
the expression of CD11b to amplify neutrophil migration into the 
lung. In addition, upon recruitment to the lung, Mtb infection–
induced S100A8/A9 proteins may regulate phagocytic receptor 
expression on neutrophils, enabling increased Mtb infection of 
neutrophils. Together, these S100A8/A9-dependent mechanisms 
increase Mtb susceptibility and likely mediate immunopathology.

S100A8/A9 is known to interact with TLR4 and RAGE, while 
CD11b expression can be driven by interactions with TLR4 on neu-
trophils (38, 39). Thus, S100A8/A9 may engage TLR4 and RAGE 
to upregulate CD11b expression on neutrophils. Adoptive transfer 
of CD11b+ cells increased susceptibility in S100A9KO mice, sug-
gesting that CD11b+ immune populations, namely neutrophils or 
monocytes expressing S100A8/A9, are the likely cellular popu-
lation mediating increased susceptibility during chronic TB. The 
utilization of RAGE inhibitor FPS-ZM1 is protective in animal 
models of emphysema and Alzheimer’s disease (11, 40). We show 
that, during chronic TB, transient use of RAGE inhibitors is pro-
tective and is sufficient to decrease lung Mtb burden, but not lung 
inflammation. Additionally, our data showing that RAGE inhibi-
tors do not further improve Mtb control in S100A9KO chronically 
Mtb-infected mice suggest that the effect is S100A8/A9 dependent 
rather than through the interaction of RAGE, with its other ligands, 
such as advanced glycation end products (AGE) and high-mobility 
group protein (B) 1 (HMGB1). Whether use of RAGE inhibitor limits 
neutrophil accumulation and thus reduces the Mtb niche is not ful-
ly explored and should be the focus of future studies. It is exciting 
that our data showing that S100A8/A9 deficiency delays TB reac-
tivation suggest that RAGE inhibitors may be potentially used as 
host-directed therapeutics in combination with current antibiotic 
regimens to improve Mtb control and should be further studied.

of neutrophil deficiency, it is possible that transient depletion of 
neutrophils was not sufficient to affect overall inflammation and 
that prolonged neutrophil depletion may be required to affect lung 
pathology. During S100A8/A9 deficiency, while overall inflamma-
tory disease was trending toward decreased inflammation, these 
data were not significant. However, the reduced accumulation of 
neutrophils into TB granulomas coincided with increased forma-
tion of B cell–containing granulomas, which our studies in mice 
and NHPs have previously shown to be associated with improved 
Mtb control through enhanced macrophage activation (19, 36, 37). 
Furthermore, increased expression of S100A8 and S100A9 mRNA 
in LTBI who progress to pulmonary TB is likely due to inflammato-
ry events associated with progression of disease. These data along 
with the overall reduced TB reactivation seen in S100A9KO in the 
Cornell mouse model implicate S100A8/A9 expression in mediat-
ing TB disease progression. Together, our results demonstrate that 
neutrophils and S100A8/A9 may play key roles in modulating TB 
immunopathogenesis by driving neutrophil accumulation.

A mechanism by which S100A8/A9 regulates TB pathogene-
sis is likely direct regulation of CD11b expression on neutrophils. 
Although S100A9 deficiency did not affect CD11b expression 
on neutrophils during the early stages of Mtb infection, deficient 
mice expressed lower CD11b levels on neutrophils during chron-
ic TB and BCG infection. In contrast, in S100A9KO bone marrow 
neutrophils, CD11b expression was markedly lower in uninfected 
controls, and upon Mtb infection, upregulated CD11b to a lesser 
extent than B6 bone marrow neutrophils. Considering the baseline 
differences in CD11b expression in bone marrow neutrophils, it is 
intriguing that differences in CD11b expression did not occur in 
S100A9KO mice until day 100 following Mtb infection. The nature 
of the microenvironment (e.g., presence of other proinflammatory 
chemokines, prolonged Mtb infection, and stimulation, etc.) may 
contribute to differences observed in in vitro studies and ex vivo 

Table 4. Comparison of the models top 3 AUCs within each group 
using the ROC macro

Models P value for pairwise and overall  
c statistic comparisons

ATB vs. HCs
S100A8/A9+CXCL1+CXCL10 vs. CXCL10+S100A8/A9 0.0451
S100A8/A9+CXCL1+CXCL10 vs. CXCL10+CXCL1 0.1857
CXCL10+CXCL1 vs. S100A8/A9+CXCL10 0.5331
Overall P value 0.1040

ATB vs. Latent TB
S100A8/A9+CXCL1+CXCL10 vs. CXCL1+ S100A8/A9 0.3419
S100A8/A9+CXCL1+CXCL10 vs. CXCL10+ S100A8/A9 0.3937
S100A8/A9+CXCL1 vs. S100A8/A9+CXCL10 0.7048
Overall P value 0.3937

Latent TB vs. HCs
S100A8/A9+CXCL1+CXCL10 vs. CXCL10+ S100A8/A9 0.8355
S100A8/A9+CXCL1+CXCL10 vs. S100A8/A9 0.8824
S100A8/A9+CXCL10 vs. S100A8/A9 0.1628
Overall P value 0.3768

Significant comparisons are in bold.
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ity. Both sexes were used, and mice were between the ages of 6 and 8 
weeks. Mtb strains were cultured, and mice were aerosol infected with 
approximately 100 CFUs, as described previously (19). At specific time 
points after infection, lungs were harvested and homogenized, and seri-
al dilutions of tissue homogenates were plated on 7H11 agar plates to 
determine Mtb CFU. For reactivation experiments, mice were treated 
with rifabutin (MilliporeSigma) (100 mg/L) and isoniazid (INH) (Milli-
poreSigma) (200 mg/L) for 6 weeks and mouse tissue was then harvest-
ed at 140 dpi. For rhesus macaques infected with Mtb, we used clinical 
data stored in the Animal Records System at the Tulane National Pri-
mate Research Center. Macaques were chosen if they were experimen-
tally infected with Mtb (either CDC1551, Erdman, or H37Rv strains) 
during 2007 to 2015 and exhibited either ATB or were latently infected. 
After infection, data were obtained weekly from animals until euthana-
sia or necropsy. Neutrophil percentages in the blood were obtained from 
complete blood counts performed at the same time as serum chemistry.

Adoptive transfer of CD11b+ cells. Lung cell suspensions were pre-
pared from the lungs of B6 mice 100 dpi following HN878 infection. 
CD11b+ cells were enriched from the lung suspension using magnetic 
selection with CD11b microbeads (Miltenyi Biotec) per the manufac-
turer’s instructions, and 50 μL (1 × 106 cells) of this suspension (72.4% 
purity) was administered intratracheally to HN878-infected mice at 
100 dpi. These mice were harvested on 120 dpi as indicated.

RAGE-inhibitor treatment. RAGE signaling was inhibited starting 
205 or 245 dpi as previously described (11) through daily i.p. injection 
of 1 mg/kg RAGE-specific blocker FPS-ZM1 (Tocris) or 0.1% (v/v) 
DMSO in PBS (control). Mice were euthanized 15 days after treatment.

Neutrophil depletion. Neutrophils were depleted as described (42) 
using 300 μg anti-mouse Ly6G (Bio X Cell) or isotype IgG (Milli-
poreSigma). Briefly, in acute infections (less than 21 dpi), mice were 
given 300 μg of anti-mouse Ly6G i.p. every other day between 10 and 
20 dpi. In chronic infections, mice were given 300 μg of anti-mouse 
Ly6G every other day between 95 to 105 dpi via i.p. injections.

Lung cell preparation and flow cytometry. Lung cell suspensions 
were prepared, stained, collected, and analyzed for flow cytometry as 
described before (19). Fluorochrome-labeled antibodies specific for 
CD11b (M1/70, BD), CD11c (HL3, BD), and Gr-1 (RB6-8C5, eBiosci-
ence) were used in this study. Cells were collected using a FACSJazz 
with FACS Sortware software (BD). Cell populations were gated based 
on their forward by side scatter characteristics, and the frequency of 
specific cell types was analyzed using FlowJo, version 7.6.5 (Tree Star 
Inc.). Lung AMs were gated as CD11c+CD11b–, lung myeloid DCs were 
gated on CD11c+ CD11b+, neutrophils were gated as CD11b+ Gr-1hi, 
RMs were annotated as CD11b+ Gr-1lo, and monocytes were gated on 
CD11b+ Gr1int cells as in Dunlap et al. (43).

In vitro neutrophil infections. Neutrophils were isolated from 
the bone marrow using the mouse neutrophil isolation kit (Miltenyi 
Biotec). Neutrophils were infected at an MOI of 1 for 3 hours. Neu-
trophil uptake was derived from neutrophil infection with Mtb 
HN878-mCherry. CD11b MFI was also assessed in neutrophils treated 
with HK Mtb HN878 (1 × 106 CFU) or Mtb HN878 CFP and CW (10 
μg/mL). Fluorochrome-labeled antibodies specific for CD11b (M1/70, 
BD), CD18 (M18/2, BioLegend), and Gr-1 (RB6-8C5, eBioscience) 
were used in this study.

In vitro neutrophil chemotaxis assay. Neutrophils were isolated 
from the bone marrow of B6 or S100A9KO using the Mouse Neutro-
phil Isolation Kit (Miltenyi Biotec). Neutrophils were infected at an 

The rapid diagnostic test for detection of TB recommended by the 
WHO is an automated PCR assay that detects mycobacteria in spu-
tum expectorated by patients. However, access remains restricted in 
low-resource settings. Sputum-based microscopy to identify Mtb still 
remains the most commonly used diagnostic for TB, but this method 
is primarily capable of identifying ATB patients. Therefore, new non-
sputum-based screening tools for identifying individuals with ATB 
are required so that they can be prioritized for clinical investigation 
and treatment. Blood biomarkers that can differentiate progression 
of LTB to subclinical disease and ATB, failure of TB treatment, and 
TB relapse would provide additional tools to improve TB diagnosis 
and combat the global TB epidemic. Several studies have explored 
the use of host transcriptional biosignatures as diagnostic biomarkers 
for progression of TB and for predicting risk of human TB disease (2, 
41). Although these studies propose the use of transcriptional gene 
signatures as screening or triage tests for TB, the costs and technolo-
gy associated with reverse transcription PCR (RT-PCR) or RNA-Seq 
may still limit use of these biomarkers as diagnostic in a low-resource 
setting. Our published studies have shown that ATB patients in India, 
Mexico, and South Africa all reliably exhibit increased expression of 
serum S100A8/A9 proteins when compared with HC (7) and now 
with QFT+LTB individuals. Serum is more amenable to developing a 
simple screening test that may be easier to translate into a point-of-
care format (e.g., the Quantum Blue assay, which works for serum 
and feces). Additionally, our new studies also show that serum pro-
tein levels of S100A8/A9 along with chemokines CXCL-1 and CXCL-
10 are reliably able to differentiate between ATB and HC and, to a 
lesser extent, can still discriminate between ATB and QFT+ LTB indi-
viduals. Furthermore, that S100A8/A9 is not significantly increased 
during other chronic pulmonary diseases, such as COPD, suggests 
that S100A8/A9 may be useful as a biomarker for a triage test to 
rule out individuals who do not have TB so that biomarker-positive 
individuals then get followed up for further TB diagnosis. One lim-
itation of the use of S100A8/A9 and chemokines is that acute respi-
ratory infections such as influenza also result in high expression of 
S100A8/A9 and CXCL-1. Detailing the expression of these biomark-
ers in other acute bacterial infections will be useful criteria for future 
studies. Interestingly, S100A8/A9 could also show initial potential as 
an early indicator for successful TB treatment, as S100A8/A9 levels 
decreased significantly (P ≤ 0.01) 2 weeks after treatment initiation 
in cured TB patients and did not decrease in TB patients who failed 
treatment. Thus, further validation of the use of S100A8/A9, CXCL-
1, and CXCL-10 in different geographical cohorts and in treatment 
failure and relapse studies will be useful and timely.

In summary, our studies have mechanistically described a piv-
otal role for S100A8/A9 proteins in mediating TB pathogenesis 
through regulation of CD11b and neutrophil recruitment. Addi-
tionally, our experimental studies targeting the S100A8/A9 sig-
naling pathway project a pathway for host-directed therapeutics 
for TB. A more mechanistic understanding of the role of S100A8/
A9 proteins further validates the development of S100A8/A9 and 
related biomarkers as diagnostics for TB.

Methods
Mice and NHP Mtb infection. C57BL/6J (B6) mice were purchased from 
the Jackson Laboratory. S100A9KO was obtained in-house (15), and 
mice were bred at the Washington University in St. Louis animal facil-
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first detected were included in our analyses. Each progressor had 2 
healthy matched controls based on age, sex, ethnicity, school of atten-
dance, and presence or absence of prior episodes of TB disease. Par-
ticipants were excluded if they were ATB+ within 6 months of enroll-
ment or QFT and/or TST conversion or if they were HIV infected. 
Participants with diagnosed or suspected TB disease were referred to 
a study-independent public health physician for treatment according 
to national TB control programs of the country involved. RNA was 
extracted from PAX gene tubes and RNA-Seq performed as described 
(14, 41). Prospective RNA-Seq data of progressors were realigned to 
the time point at which ATB was diagnosed. Differences in gene-level 
mRNA expression between each progressor sample and the average 
of demographically matched control samples were computed using 
the published ACS metadata (14, 41). Time-to-diagnosis values were 
assigned to each sample according to the original definitions. The log2 
fold-change values between progressor and control biomarkers were 
modeled as a nonlinear function of time to diagnosis for the entire 
population using the smooth-spline function in R with 3 degrees of 
freedom. Ninety-nine percent CIs for the temporal trends were com-
puted by performing 2000 iterations of spline fitting after bootstrap 
resampling from the full data set.

ATB cohort. We recruited patients (n = 52) with confirmed ATB. 
The diagnosis of ATB was made by the conventional microscopic 
detection of acid-alcohol–resistant bacteria as well as culture of Mtb 
in Lowenstein-Jensen medium in serial, nonconcentrated sputum 
samples as well as radiological studies, physical examination, and 
clinical history. All patients with ATB were residents of the urban and 
metropolitan areas of Mexico City, and some patients were residents 
from different states of the south and central area of Mexico, including 
Veracruz, Oaxaca, Puebla, and Chiapas. Patients with ATB, excluding 
patients with HIV and cancer, were recruited at the Instituto Nacional 
de Enfermedades Respiratorias Ismael Cosio Villegas, Tuberculosis 
clinic in Mexico City, Mexico, in a period between 2015 and 2017.

At the same time, household contacts of ATB patients who are 
TST+QFT+ LTBI (n = 36) were recruited in the first 2 months of diag-
nosis. The criteria for inclusion of contacts of ATB patients were as fol-
lows: (a) subjects of legal age (18 to 54) willing to sign the letter of con-
sent, (b) subjects in close contact with the index case of ATB, and (c) 
subjects willing to provide the blood samples needed to participate in 
the study. In addition, a group of individuals (n = 28) who were health 
personnel (resident physicians of the pulmonology specialty) and 
administrative medical staff of the INER, considered an occupational 
risk population, were included; these encompassed both TST+QFT+  
(n = 19) and TST+QFT– (n = 9) individuals. Also, a group of uninfected 
healthy individuals (TST–QFT–) were also recruited (n = 26). After the 
consent signature, 20 mL of blood anticoagulated with EDTA and 10 
mL of blood without anticoagulant was used to isolate serum for the 
purpose of performing the experimental analysis.

TB treatment cohort. Study participants, 34 cured and 10 relapse 
TB patients and 10 patients who failed TB treatment, were enrolled 
and treated from TB clinics surrounding Tygerberg Hospital in Cape 
Town, South Africa, as a substudy to the Pulmonary TB Cohort Study 
(April 2010 and April 2013) and the Action TB Study (May 1999 and 
July 2002) (44, 45). Serum samples were used for the quantification of 
circulating S100A8/A9 concentrations. Pulmonary TB patients were 
all untreated at the time of enrollment, with a first episode of TB. All 
TB patients received directly observed treatment, which consisted of 

MOI of 1 for 1 hour and then transferred to the upper compartments 
of a Transwell plate separated by a 5-μm polycarbonate membrane 
(Corning). Supernatants from Mtb-infected epithelial cells or HBSS 
supplemented with 1% FCS (gravity control) was added to the lower 
chambers and the cells incubated for 1 hour at 37°C. Chemotaxis was 
assessed by flow cytometry by determining the number of neutrophils 
found in the lower chamber after incubation. Fluorochrome-labeled 
antibodies specific for CD11b (M1/70, BD) and Gr-1 (RB6-8C5, eBio-
science) were used in this study.

RNA extraction and quantitative RT-PCR. Total RNA was isolated 
from neutrophils using an RNeasy Mini Kit (QIAGEN). cDNA was syn-
thesized using ABI reverse transcription reagents (Thermo Fisher) on 
a Bio-Rad DNA Engine Thermal Cycler. Gene expression was assessed 
using primers from IDT and ABI and run on a Viia7 Real-Time PCR 
System (Life Technologies, Thermo Fisher). Expression of genes of 
interest (FPR1, TLR2, TLR4, DECTIN [Clec7a], and MINCLE [Clec4e]) 
was normalized to GAPDH expression, and log10 fold induction over 
the control group was assessed using the ΔΔCt calculation.

Lung histology. Lungs from Mtb-infected mice were perfused with 
10% neutral buffered formalin and were paraffin embedded. Lung 
sections were stained with H&E and processed for light microscopy. 
Images were obtained using a Zeiss Axioplan 2 microscope and were 
recorded with a Zeiss AxioCam digital camera. Sections were probed 
with rabbit anti-MPO (PB9057, BosterBio; dilution 1:100) and bioti-
nylated rat anti-mouse Ly6G (clone IA8, BioLegend; dilution 1:100) to 
detect neutrophils or with anti-B220 (clone RA3-6B2, BD Biosciences 
— Pharmingen; dilution: 1/100) to detect B cells. Primary antibodies 
were detected with Cy3 donkey anti-rabbit IgG (711-166-152, Jackson 
ImmunoResearch Laboratories; dilution 1:200) and Alexa Fluor 488 
streptavidin (A21208, Thermo Fisher Scientific; dilution 1:200). B cell 
follicles were assessed through the automated tool of the Zeiss Axio-
plan 2 microscope, and total area and average size were calculated in 
squared microns. Myeloid and lymphocyte areas were acquired with 
stained slide images using a Hamamatsu Nanozoomer 2.0 HT sys-
tem with NDP scan image acquisition software and were quantified 
using Visiomorph image-processing software (Visiopharm).

In order to calculate the percentage of inflammation per lobe, all 
clusters of inflammatory cells in an individual lobe were systematical-
ly outlined with the automated tool of the Zeiss Axioplan microscope. 
The total area covered by inflammation was calculated by adding all 
the individual areas occupied by clusters of inflammatory cells locat-
ed in the interstitial, peribronchial, and perivascular regions. Next, a 
picture of the whole lobe was obtained with the stich tool of the Zeiss 
Axioplan microscope. Lung parenchyma, excluding empty spaces 
(alveoli, bronchi, and blood vessel lumens), was outlined with the 
automated tool of the Zeiss Axioplan microscope to determine the 
area of the lobe. Finally, the percentage of the area covered by inflam-
mation per lobe was calculated by dividing the total area covered by 
inflammatory cells by the total area occupied by lung tissue, multi-
plied by 100.

RNA-Seq data from ACS progressors and controls. We compared 
gene-level mRNA expression levels of S100A8 and S100A9 in Mtb- 
infected adolescents enrolled into the ACS who remained healthy 
during 2 years of study follow-up (controls) (n = 106) or who pro-
gressed to microbiologically confirmed ATB (progressors) (n = 44), 
as described (14, 41). Adolescents who were Mtb+ at enrollment or 
developed ATB disease more than 6 months after Mtb infection was 
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was used to check for pairwise 2-sided multiple comparison analysis 
(46–48). The diagnostic efficiency of the individual biomarkers and 
their combinations was assessed by ROC analysis where the AUC 
and associated 95% CIs were determined. A nonparametric approach 
was used to compare the correlated ROC curves without adjustments 
for pairwise comparisons (49). Logistic regression analysis was per-
formed to determine the predictive probability of these biomarkers on 
each of the outcome combinations. The level of significance was set 
to 0.05, and all analyses were 2 sided. Statistical analyses and figures 
were created with SAS 9.4 (SAS Institute Inc.).

Study approval. For human studies, written informed consent 
from participants and parents or legal guardians where applicable was 
received under protocols approved by the Ethics Committee of the Insti-
tuto Nacional de Enfermedades Respiratorias Ismael Cosio Villegas, the 
Human Research Ethics Committee of the Faculty of Health Sciences, 
University of Cape Town, and the City of Cape Town City Health. The 
study was reviewed and approved by the Institutional Research Com-
mittee (protocol number B04-15) of Instituto Nacional de Enferme-
dades Respiratorias Ismael Cosio Villegas. Protocols involving the use 
of animals were approved by the IACUC at Washington University in 
St. Louis and Tulane National Primate Research Center. All the experi-
ments were performed in accordance with the protocols.
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an intensive phase (2 months) of rifampicin (RIF), INH, pyrazinamide, 
and ethambutol, followed by a continuation phase (4 months) of RIF 
and INH. Patients were between 20 and 65 years of age, and clinical 
information on age, sex, weight, and height (BMI) was recorded. Myco-
bacterial culture was performed using the automated BACTEC 12B liq-
uid radiometric method. Individuals who had 2 consecutive negative 
culture results at the end of treatment were regarded as successfully 
cured. Bacteriological relapse following anti-TB treatment was deter-
mined within 24 months after treatment completion. Standardized 
restriction fragment length polymorphism (RFLP) banding patterns 
generated by Southern hybridization with the insertion sequence (IS) 
6110 probe17 were determined in patients with recurrent TB. Episodes 
were classified as relapse when the strain pattern was the same. TB 
treatment failure was defined by a positive sputum culture at month 6 
after initiation of standard treatment of drug-sensitive TB. All individu-
als adhered to treatment (>80% of drugs taken) and were infected with 
drug-sensitive Mtb strains. No distinct differences in strain types were 
observed between failed and cured patients. Patients were excluded if 
they previously had TB; had multidrug-resistant TB; were HIV positive; 
presented with diabetes, malignancy, lung cancer, chronic bronchitis, 
or sarcoidosis; were on steroid treatment; or were pregnant. Chest 
x-rays (CXRs) were only obtained at baseline and were read inde-
pendently in a blinded fashion by a pulmonologist or clinician.

G-CSF, IL-6, TNF-α, CXCL-2, S100A8/A9, CXCL-1, and CXCL-10 
protein quantification. Levels of G-CSF, IL-6, and TNF-α, CXCL-1, and 
CXCL-2 in mouse lung homogenates were measured using a mouse 
Luminex assay (Linco/Millipore). Circulating levels of S100A8/A9 
were measured in serum samples by ELISA using the DuoSet ELISA 
Development Kit for human S100A8/S100A9 heterodimer (catalog 
DY8226, R&D Systems Inc.), according to the manufacturer’s instruc-
tions. Serum samples were diluted 1:4000 in reagent diluent (1% BSA 
in PBS). Absorbance was read at 450 nm and 540 nm (for wavelength 
correction) using the Synergy HT Microplate ELISA reader (BioTek 
Inc.). Serum levels of CXCL-1 were measured by the CXCL-1 Quan-
tikine ELISA Kit (catalog DGR00B, R&D Systems Inc.) according to 
the manufacturer’s instructions. For this assay, samples were diluted 
1:2. Absorbance was read at 450 nm and 540 nm using the Synergy 
HT microplate ELISA reader (BioTek Inc.). Serum levels of CXCL-10 
were assessed by Luminex using the Bio-Plex Pro CXCL10 Set (Bio-
Rad) according to the manufacturer’s instructions. The samples were 
read in a Bio-Plex 200 instrument. The results were analyzed using 
Bio-Plex software, version 4.1 (Bio-Rad).

Statistics. Differences between the means of 2 groups were ana-
lyzed using the 2-tailed Student’s t test in GraphPad Prism 5 or Graph-
Pad Prism 8. Multiple groups were analyzed using 1-way ANOVA with 
Tukey’s or Dunnett’s posttest analysis or mixed effects analysis of 
1-way ANOVA with Dunnett’s posttest, as indicated. P ≤ 0.05 was con-
sidered significant.

The distribution of the biomarkers in human samples was exam-
ined and expressed as a median and IQR. The differences in the dis-
tributions across the groups were evaluated using the Kruskal-Wallis 
nonparametric test where the Dwass, Steel, Critchlow-Fligner method 
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