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Abstract 31 

Neutrophil accumulation is associated with lung pathology during active tuberculosis (ATB). 32 

However, the molecular mechanism(s) by which neutrophils accumulate in the lung and contribute 33 

to TB immunopathology is not fully delineated. Using the well-established mouse model of TB, 34 

our new data provides evidence that the alarmin S100A8/A9 mediates neutrophil accumulation 35 

during progression to chronic TB. Depletion of neutrophils or S100A8/A9 deficiency resulted in 36 

improved Mycobacterium tuberculosis (Mtb) control during chronic but not acute TB. 37 

Mechanistically, we demonstrate that following Mtb infection, S100A8/A9 expression is required 38 

for upregulation of the integrin molecule CD11b specifically on neutrophils, mediating their 39 

accumulation during chronic TB disease. These findings are further substantiated by increased 40 

expression of S100A8 and S100A9 mRNA in whole blood in human TB progressors when 41 

compared to non-progressors, and rapidly decreased S100A8/A9 protein levels in the serum upon 42 

TB treatment. Furthermore, we demonstrate that S100A8/A9 serum levels along with chemokines 43 

are useful in distinguishing between ATB and asymptomatic Mtb-infected latent individuals. Thus, 44 

our results support targeting S100A8/A9 pathways as host-directed therapy for TB. 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 
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Introduction 53 

 54 

Mycobacterium tuberculosis (Mtb), the causative agent of the disease tuberculosis (TB), is 55 

estimated to infect one fourth of the world's population and results in ~1.6 million deaths each 56 

year (1). In addition, the emergence of multi-drug and extensively drug resistant Mtb strains and 57 

variable efficacy of the currently used vaccine, Mycobacterium bovis BCG, are barriers to global 58 

control of TB. Thus, more research is needed to fully understand the mechanisms of TB 59 

immunopathogenesis that can be targeted to improve host control of Mtb infection.  60 

Neutrophil accumulation has been associated with TB disease in humans and mouse models of 61 

TB (2, 3). Neutrophils are the primary Mtb-infected cell population in the sputum, bronchoalveolar 62 

lavage (BAL), and cavities of Mtb-infected patients (4). In mouse models, neutrophils are amongst 63 

the first cells infected with Mtb, and are capable of recognizing and responding to Mtb infection 64 

and displaying effector functions (5, 6). Calprotectin, also known as S100A8/A9, is mainly 65 

expressed by myeloid cells, specifically neutrophils and monocytes, and is a feature of chronic 66 

inflammatory diseases such as autoimmune diseases and TB (7-9). S100A8 and S100A9 67 

covalently form the hetero-complex protein S100A8/A9, and bind to receptors such as Toll-like 68 

receptor 4 (TLR4) and the receptor for advanced glycation end products (RAGE), which mediates 69 

a pro-inflammatory response through nuclear factor kappa-light-chain-enhancer of activated B 70 

cells (NF-κB) and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) signaling (10, 11). We recently 71 

demonstrated that S100A8/A9-expressing neutrophils accumulated within TB granulomas in 72 

human and animal models of TB, and that S100A8/A9 serum levels coincided with increased 73 

neutrophil numbers and enhanced TB disease in active TB (ATB) patients (7). However, we did 74 

not fully understand the mechanism(s) by which S100A8/A9 mediates neutrophil accumulation 75 

that may promote TB disease severity.  76 

In the current study, we demonstrate that S100A8/A9 expression mediated accumulation of lung 77 

neutrophils in chronically Mtb-infected mice. Additionally, the observed accumulation is mirrored 78 
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by increased S100A8 and S100A9 mRNA in whole blood transcriptional profiles of latently 79 

infected individuals (LTBI) who progress to ATB disease (progressors), when compared with 80 

individuals who do not progress to TB disease (non-progressors). Importantly, serum levels 81 

S100A8/A9 protein decreased rapidly upon successful TB treatment. These studies suggest that 82 

in animal models and human progressors, S100A8/A9 expression levels increase during TB 83 

progression or chronic TB disease. Consistent with a detrimental role for S100A8/A9, mice 84 

depleted of neutrophils or deficient in S100A9 exhibit decreased Mtb burden in the lungs during 85 

chronic infection and TB reactivation. The improved Mtb control in S100A9KO mice coincided 86 

with reduced lung neutrophil accumulation within TB granulomas, and decreased expression of 87 

the integrin CD11b on neutrophils. Our mechanistic in vitro studies show that S100A9KO 88 

neutrophils have defective Mtb uptake, as well as reduced ability to upregulate CD11b integrin 89 

expression. Importantly, we demonstrate that S100A8/A9 serum levels along with chemokines 90 

are useful to distinguish between ATB patients and LTBI. Our results suggest that targeting 91 

S100A8/A9 as host directed therapy in TB would provide novel pathways that can be used as 92 

adjunct therapy to improve Mtb control.  93 

Results  94 

 95 

Depletion of neutrophils during chronic but not acute TB improves Mtb control 96 

A neutrophil associated transcriptional signature was reported in ATB patients and neutrophil 97 

accumulation was associated with TB disease in mouse models (2, 3, 7). Consistent with this, 98 

neutrophils accumulated in the blood during ATB but not in asymptomatic latency in macaques 99 

infected with Mtb (Figure 1A). However, it is unclear if neutrophils play distinct roles during the 100 

acute and chronic stages of Mtb infection. Thus, we studied the kinetics of neutrophil 101 

accumulation in the well-established mouse model of low dose aerosol Mtb infection in C57BL/6J 102 

(B6) mice. Neutrophils accumulated in the lung following infection with Mtb HN878 early, starting 103 
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at 30 days post infection (dpi). Accumulation further increased during chronic stages of infection, 104 

starting around 60 dpi and continuing until 300 dpi (Figure 1B). As we observed increased 105 

neutrophil accumulation during both acute and chronic stages, we next addressed the functional 106 

role for neutrophils at the two distinct phases of Mtb infection. We found that treatment with 1A8 107 

antibody, which specifically depletes neutrophils (12), during acute Mtb infection did not impact 108 

overall lung and spleen Mtb burden (Figure 1C). Treatment with 1A8 depleted lung neutrophils 109 

significantly, but also coincided with increased monocyte and macrophage populations and 110 

increased production of the chemokine, granulocyte-colony stimulating factor (G-CSF) (Figure 111 

1D and Supplemental Figure 1A). However, despite changes in myeloid cell accumulation, the 112 

total inflammatory area measured in the lung was not significantly altered (Figure 1E). In contrast, 113 

1A8 treatment during chronic Mtb infection led to decreased Mtb burden, in both the lung and 114 

spleen (Figure 1F). Neutrophil depletion during chronic TB did not impact other myeloid 115 

populations (Supplemental Figure 1B), but there was decreased production of pro-inflammatory 116 

cytokines, such as interleukin (IL)-6 and TNF-α (Figure 1G). The area of lung cellular 117 

inflammation was still not impacted in mice when neutrophils were depleted during chronic 118 

infection (Figure 1H). These data together suggest that despite early accumulation of neutrophils, 119 

neutrophils do not significantly impact Mtb control during acute stages of infection. In contrast, 120 

neutrophil accumulation during chronic Mtb infection may have a functional role in promoting 121 

higher Mtb burden and contribute to increased susceptibility.  122 

   123 

S100A8/A9 is induced during progression to TB disease in animal models and in humans. 124 

S100A8/A9 makes up 40% of the cytoplasmic protein of a neutrophil (13). In addition, we have 125 

shown that increased serum S100A8/A9 levels correlate with increased neutrophils in peripheral 126 

blood of ATB patients (7). Accordingly, we found that accumulation of S100A8/A9 levels in Mtb-127 

infected mouse lungs also closely followed the accumulation of neutrophil influx in the infected 128 

lung. Early increased production of S100A8/A9 was detected between 15-30 dpi and sustained 129 
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production during chronic infection was observed after 30 dpi (Figure 2A). As TB disease 130 

progressed, S100A8/A9 levels increased, coinciding with the increased accumulation of 131 

neutrophils observed in chronically Mtb-infected lungs (Figure 1B, and 2A), and the S100A8/A9 132 

levels positively correlated with the number of lung neutrophils (Figure 2B). Thus, we next 133 

addressed if S100A8/A9 expression also correlated with TB disease progression in humans with 134 

LTBI. Therefore, we analyzed the whole blood transcriptional mRNA levels of S100A8 and 135 

S100A9 in participants enrolled in the Adolescent Cohort Study (ACS) of TB progressors and 136 

matched Mtb-infected controls (14). Transcript levels of both S100A8 and S100A9 mRNA 137 

significantly increased in the TB progressors about six months prior to TB diagnosis compared to 138 

expression levels in matched healthy controls (Figure 2C). Our results show that both in mice 139 

and in humans, an increase in S100A8/A9 expression coincides with TB disease progression. 140 

Thus, we next determined if serum levels of S100A8/A9 protein declined upon successful 141 

treatment in ATB patients receiving standard first line TB treatment. In ATB patients that were 142 

successfully treated, and were either cured (n = 34; Figure 2D) or cured but then relapsed in the 143 

following 2 years after treatment (n = 10; Figure 2E), the S100A8/A9 levels decreased rapidly by 144 

2 weeks post treatment, and continued to decrease throughout treatment. However, in patients 145 

that failed TB treatment (n = 10; Figure 2F), the S100A8/A9 levels did not decrease significantly 146 

within the first two weeks after treatment. Together, our data show that S100A8/A9 increases 147 

during TB disease progression and levels decline sharply upon successful TB treatment.  148 

 149 

S100A9 deficiency improves Mtb control during chronic infection by limiting neutrophil 150 

accumulation   151 

Our new data here shows that S100A8/A9 levels increase during chronic Mtb infection in mice 152 

and human TB progressors, and depletion of neutrophils during chronic infection in mice improves 153 

Mtb control (Figure 1 and 2). Therefore, we next assessed the long-term outcome of Mtb infection 154 

in B6 and S100A9KO mice (15) (which lack functional S100A8/A9) during chronic stages of 155 
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infection with Mtb HN878. While lung and spleen Mtb HN878 CFU was comparable at 50 dpi, we 156 

found that during chronic infection from 100 dpi until 300 dpi, Mtb CFU in the lungs of S100A9KO 157 

mice were significantly lower, when compared to B6 HN878-infected mice (Figure 3, A and B). 158 

This improved Mtb control was also observed during infection with another clinical strain, HN563, 159 

but not when the lab-adapted Mtb strain H37Rv was used (Supplemental Figure 2, A and B). 160 

S100A8/A9 plays a key role in neutrophil recruitment and accumulation (16-18) and thus the 161 

absence of S100A8/A9 may promote improved Mtb control by altering cellular accumulation to 162 

the lung and regulating inflammation. Coinciding with the timing of improved Mtb control in the 163 

lungs of S100A9KO mice at 100 dpi, we found that neutrophil accumulation was reduced, while 164 

other myeloid subsets such as alveolar macrophages (AMs), recruited macrophages (RMs), 165 

monocytes and dendritic cells (DCs) were not significantly different in lungs of S100A9KO mice, 166 

when compared with B6 infected mice (Figure 3, C and D). However, at the later stage of chronic 167 

disease, AMs, DCs, monocytes, and neutrophils were all reduced in S100A9KO mice when 168 

compared with B6 infected lungs (Figure 3, C and D). The localization of MPO-expressing 169 

neutrophils within TB granulomas during chronic infection was also decreased in S100A9KO 170 

mice, suggesting that S100A8/A9 expression promoted the accumulation of neutrophils in the 171 

lung, specifically localization within TB granulomas (Figure 3E). Presence and maintenance of B 172 

cell follicles within lung granulomas has been associated with effective Mtb control through 173 

optimal macrophage activation (19). Consistent with improved protection in the lungs of 174 

S100A9KO infected mice at chronic stages, lung B cell follicle area was significantly enhanced 175 

within TB granulomas (Figure 3F). However, despite altered accumulation of neutrophils within 176 

granulomas in S100A9KO mice, overall inflammatory area or the specific type of inflammation 177 

(myeloid or lymphocytic) in the lungs of S100A9KO Mtb-infected mice was not significantly 178 

different when compared with Mtb-infected B6 mice (Supplemental Figure 3, A and B).  179 

S100A8/A9 binds to RAGE (20), and delivery of RAGE inhibitor (FPS-ZM1) to Mtb-infected mice 180 

during the chronic stages of infection significantly decreased Mtb burden similar to levels 181 
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observed in S100A9KO mice (Figure 4A). Although inflammation was not significantly decreased 182 

in RAGE-treated mice, B cell follicle size was significantly increased within TB granulomas 183 

(Figure 4, B and C). Delivery of the RAGE inhibitor to Mtb-infected S100A9KO mice (4.89 ± 0.095 184 

log10CFU) did not significantly decrease Mtb burden when compared to DMSO-treated 185 

S100A9KO Mtb-infected mice (5.28 ± 0.44 log10CFU), suggesting that the off-target effects of use 186 

of RAGE inhibitor are minimal (p-value = 0.1213). These results together suggest that absence 187 

of S100A8/A9 expression or inhibition of its receptor function both improve Mtb control during 188 

chronic TB. To further experimentally test the role of S100A8/A9 in TB reactivation and disease 189 

progression, we used the Cornell mouse model of TB reactivation where mice were infected with 190 

Mtb, treated with antibiotics, following which reactivation of Mtb was assessed. Our data show 191 

that while B6 mice that received antibiotic chemotherapy reactivated significantly elevated Mtb 192 

CFU in the lung, S100A9KO mice exhibited significantly lower rates of reactivation and harbored 193 

overall lower lung Mtb CFU when compared with B6 mice, with 8 of 14 mice exhibiting no 194 

detectable lung Mtb CFU (Figure 4D). In conjunction with lower Mtb CFU, while inflammation was 195 

not altered, neutrophil accumulation was significantly decreased in lung granulomas of 196 

S100A9KO mice (Figure 4, E and F). These results suggest that while S100A8/A9 expression 197 

coincides with neutrophil accumulation and improved Mtb control, S100A8/A9 expression did not 198 

directly regulate inflammation during TB. 199 

S100A8/A9 expression regulates CD11b expression on neutrophils during chronic TB 200 

As neutrophil accumulation was significantly decreased in S100A9KO Mtb-infected mice, we next 201 

determined whether surface expression of the integrin CD11b, a key molecule in leukocyte 202 

adhesion and migration (21), was differentially expressed in myeloid cells in S100A9KO Mtb-203 

infected mice when compared with B6 Mtb-infected mice. We observed that CD11b surface 204 

expression was significantly decreased within lung neutrophils in S100A9KO Mtb-infected mice 205 

during chronic stages of infection, whereas lung monocytes and RMs had no significant changes 206 
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in CD11b expression (Figure 5A). Similar decrease in CD11b expression on lung neutrophils was 207 

observed when S100A9KO mice were infected with M.bovis BCG by the pulmonary route 208 

(Supplemental Figure 4). Gr-1 (Ly6G/Ly6C) surface expression was also assessed, but no 209 

significant changes were seen in aforementioned other lung myeloid cell populations during both 210 

acute and chronic stages of infection in S100A9KO mice when compared with B6 Mtb-infected 211 

mice (data not shown). As myeloid cells such as neutrophils and monocytes are among the 212 

primary producers of S100A8/A9 (9, 22), we addressed if adoptive transfer of CD11b+ cells 213 

producing S100A8/A9 can reverse the improved Mtb control seen in S100A9KO Mtb-infected 214 

mice. Accordingly, CD11b+ cells transferred into S100A9KO mice resulted in increased lung Mtb 215 

burden, suggesting that a CD11b myeloid population was contributing to the increased 216 

susceptibility during Mtb infection (Figure 5B). This was not because of transfer of Mtb within 217 

CD11b+ transferred cells, as colocalization of Mtb with S100A9 expression was minimal in 218 

transferred cells (Supplemental Figure 5). These data were corroborated by decreased lung 219 

protein levels of neutrophil attracting chemokines CXCL-1 and CXCL-2 in S100A9KO mice during 220 

chronic infection (Figure 5C). Taken together, absence of S100A8/A9 during chronic Mtb infection 221 

reduces neutrophil localization, decreased expression of CD11b expression on neutrophils, and 222 

adoptive transfer of CD11b cells reversed the protection observed in S100A9KO Mtb-infected 223 

lung.  224 

 S100A8/A9 regulates CD11b expression on neutrophils during Mtb infection  225 

Our data points to a critical role for S100A8/A9 in regulating CD11b expression specifically on 226 

neutrophils to modulate accumulation into the lung. To mechanistically address the role of 227 

S100A8/A9 in regulation of CD11b expression on neutrophils and Mtb control, bone marrow 228 

derived neutrophils were infected with reporter expressing Mtb, and Mtb infection and neutrophil 229 

marker expression was assessed. While B6 neutrophils were more readily infected with Mtb, 230 

S100A9KO neutrophils showed significantly decreased infected neutrophils (Figure 6A). 231 

Consistent with our data from lung neutrophils, CD11b expression was significantly upregulated 232 
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on B6 Mtbhi neutrophils but not as highly induced in S100A9KO Mtbhi neutrophils (Figure 6B). 233 

S100A9KO neutrophils expressed lower levels of CD11b even in uninfected controls, as 234 

published before (15), suggesting that while S100A8/A9 regulates the expression of CD11b at 235 

homeostatic levels, this effect is much more profound upon Mtb infection. However, in B6 236 

neutrophils, the fold induction of CD11b upon Mtb infection was 1.96, compared with 2.42 in 237 

S100A9KO mice. Similar results were obtained when Gr-1 and CD18 levels were measured on 238 

S100A9KO Mtb-infected neutrophils, when compared with B6 Mtb-infected neutrophils (Figure 239 

6B). This coincided with increased induction of mRNA for signaling receptors such as TLR2, 240 

TLR4, and phagocytic receptors such as C-type lectin receptor, Macrophage inducible Ca2+-241 

dependent lectin receptor (MINCLE) which play a role in phagocytosis of Mtb (23); (24) but not formyl 242 

peptide receptor 1 (FPR1) or DECTIN-1 (Figure 6C). This increased expression of phagocytic 243 

receptors on S100A9KO neutrophils also coincided with increased production of proinflammatory 244 

cytokines such as IL-6 and TNF- in Mtb-infected neutrophil supernatants, when compared with B6 245 

Mtb-infected neutrophils (Figure 6D). We also assessed whether Mtb-infected S100A9KO 246 

neutrophils were deficient in chemotactic ability when compared with Mtb-infected B6 neutrophils, 247 

and found that the ability of S100A9KO neutrophils to migrate toward supernatants from Mtb-248 

infected epithelial cells was not impaired (Figure 6E). To address if live Mtb infection was required 249 

for CD11b upregulation, we then tested if stimulation with heat killed (HK) Mtb, or components of 250 

Mtb will similarly regulate the S100A8/A9-dependent effects on CD11b regulation. We found that 251 

HK Mtb and stimulation with culture filtrate protein (CFP) and cell wall components (CW) of Mtb 252 

similarly induced an S100A9-dependent CD11b upregulation on neutrophils, suggesting that live 253 

Mtb infection was not necessary (Figure 6F). Since S100A8/A9 is known to induce NF-κB 254 

signaling, we also wanted to understand the role of NF-κB signaling in mediating CD11b 255 

upregulation. We isolated neutrophils from IKKfl/fl LysMCre mice, which lack canonical IKK and 256 

NF-κB signaling in LysM-expressing cells. We found that lack of NF-κB signaling reduced Mtb 257 

infection in neutrophils (Figure 6G), and NF-κB signaling was required for upregulation of 258 
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CD11b and Gr-1 on Mtb-infected neutrophils (Figure 6G). These results together demonstrate 259 

that absence of S100A8/A9 expression on neutrophils significantly impacts Mtb uptake and 260 

CD11b induction following Mtb infection, in part dependent on NF-κB signaling.  261 

S100A8/A9 along with chemokines can distinguish between ATB and LTBI 262 

Our data demonstrate that S100A8/A9 mRNA levels increased during progression to TB in 263 

humans and rapidly decrease upon successful TB treatment. Thus, we wanted to next address if 264 

serum S100A8/A9 levels can be used to distinguish ATB patients from healthy LTBI and 265 

uninfected healthy controls (HC). S100A8/A9 serum protein levels were significantly higher in 266 

ATB patients compared to HCs (Table 1, Figure 7A). We also found increased S100A8/A9 serum 267 

levels in LTBI Tuberculin Skin Test (TST+) and Quantiferon+ (QFT+) house hold contacts of ATB 268 

patients, and LTBI TST+ QFT+ individuals with occupational exposure to TB, when compared with 269 

uninfected HCs (Figure 7A). These results suggest that S100A8/A9 levels could serve as an 270 

easily measurable surrogate of TB disease progression in LTBI individuals. Additionally, we 271 

assessed if increased S100A8/A9 serum protein was only increased during ATB or was also 272 

increased in other acute and chronic inflammatory pulmonary diseases. While S100A8/A9 serum 273 

protein levels were not higher in patients with Chronic Obstructive Pulmonary Disease (COPD), 274 

S100A8/A9 serum levels were much higher in influenza infected patients when compared with 275 

levels in ATB patients (Figure 7A, Table 1). These results suggest that S100A8/A9 serum 276 

measurements may distinguish between ATB and LTBI, while taking into consideration clinical 277 

symptoms which may confound the measurements.  278 

As CXCL-1 and CXCL-10 serum levels were additionally increased in ATB patients (Table 1), we 279 

next sought to understand whether combining S100A8/A9 with CXCL-1 and CXCL-10 serum 280 

protein levels will improve biomarker performance for distinguishing ATB from LTBI and HC than 281 

S100A8/A9 alone (7). Median serum biomarker concentrations, with interquartile ranges, across 282 

the three groups of participants are included in Table 2. The medians were the lowest in the 283 

uninfected HCs for all biomarkers, followed by levels in LTBI, and the highest expression was 284 
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noted in the ATB group. When influenza and ATB groups were compared, expression of both 285 

CXCL-1 and S100A8/A9 was higher in influenza infected patients, when compared with levels in 286 

ATB patients (Table 2). Overall and pairwise comparisons were listed in Table 3, where the 287 

differences in the distribution of the biomarkers across all levels were significant when 288 

comparisons were made between ATB and LTBI, as well as ATB and HC. For a threshold of 114 289 

pg/ml, CXCL-1 could differentiate between ATB and HC groups with a sensitivity of 88.4% (95% 290 

CI, 0.78-0.96) and a specificity of 61.5% (95% CI, 0.42-0.80); while for CXCL-10, a threshold of 291 

302 pg/ml would differentiate between ATB and HC with a sensitivity of 86.5% (95%CI, 0.76-0.94) 292 

and a specificity of 57.7% (95% CI, 0.38-0.76). For S100A8/A9, a threshold of 1805 pg/ml would 293 

differentiate between ATB and HC with a sensitivity of 92.3% (95% Cl, 0.84-0.98) and a specificity 294 

of 76.9% (95% Cl, 0.57-0.92). Notably, S100A8/A9 levels were the only significant determination 295 

when LTBI and HCs were compared pairwise and not when CXCL-1 and CXCL-10 were 296 

determined for pairwise comparisons between the LTBI vs HC (Table 2). Furthermore, receiver 297 

operating characteristic (ROC) analysis was applied to appraise the diagnostic values of the 3 298 

biomarkers individually and their combination (Table 3 and 4). Combining S100A8/A9 along with 299 

CXCL-1 and CXCL-10 into a biomarker signature improved differentiation between ATB and HCs 300 

(0.9467, 95% Cl, 0.88-1.0) when compared with utilizing CXCL-10 and S100A8/A9 as combined 301 

biomarker signatures (0.9268, 95% Cl, 0.85-0.99, Table 3 and 4. Figure 7B). 302 

 303 

Discussion   304 

Neutrophils have recently been implicated as drivers of immunopathogenesis of TB in human and 305 

animal models (2, 7, 25). However, the molecular mechanisms by which neutrophils regulate TB 306 

immunopathogenesis are not clearly understood. In this study, we demonstrate that neutrophils 307 

accumulate during progression to TB disease in Mtb-infected humans and mice, and play a 308 

detrimental role during chronic TB disease in mice. Additionally, S100A8/A9 levels mirror 309 

neutrophil accumulation in the lungs of mice, and S100A9 deficiency in mice results in improved 310 
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Mtb control during chronic disease. We show that the mechanism by which S100A8/A9 311 

contributes to increased TB disease pathogenesis is by regulating the expression of the integrin 312 

CD11b, which is required for neutrophil accumulation in the lung (15, 17). Furthermore, S100A9 313 

deficiency also reduces TB reactivation in mice, and use of RAGE inhibition results in improved 314 

Mtb control. Finally, our human studies suggest that S100A8/A9 levels along with expression of 315 

chemokines such as CXCL-1 and CXCL-10 may serve to distinguish between LTBI and ATB from 316 

HCs. Together, our results demonstrate that S100A8/A9 play pivotal functions in regulating 317 

neutrophil accumulation during TB, primarily through their effects on CD11b expression, thus 318 

providing novel insights into the immunopathogenesis of TB. 319 

Although neutrophil accumulation has been associated with increased disease in mouse and NHP 320 

models, as well as human TB, it is still unclear whether neutrophils have protective or pathological 321 

functions in Mtb infection (2, 26-29). Despite neutrophils being one of the first cell types infected 322 

with Mtb (5), our results show that neutrophil depletion during acute Mtb infection in the B6 323 

resistant strain has no significant impact on Mtb control or TB pathology. Indeed, in highly 324 

susceptible mouse strains such as I/St inbred mice, neutrophil depletion during acute stages may 325 

similarly improve Mtb control and pathology (30). Our data show that depletion of neutrophils 326 

during chronic Mtb infection improves Mtb control, and clearly establishes a detrimental role for 327 

neutrophils during the chronic stages of Mtb infection. Additionally, that the levels of lung 328 

S100A8/A9 correlate with neutrophil accumulation during chronic TB in mice, suggests a 329 

threshold of neutrophil accumulation may likely be required for the detrimental effects of 330 

neutrophils and S100A8/A9 proteins during TB. Additionally, during very late stages of infection, 331 

it is possible that the threshold is no longer needed, as other compensatory effects may mediate 332 

immunopathogenesis. During chronic inflammation, S100A8/A9 proteins are important in the 333 

generation and recruitment of myeloid-derived suppressor cell (MDSC) (31). Accumulation of 334 

mycobacterial permissive and immunosuppressive polymorphonuclear- and mononuclear 335 

MDSCs have also been reported in chronic Mtb infection in both mice and humans (32),(33). 336 
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These immunoregulatory cells localize to the peri-necrotic regions of chronic granulomas in the 337 

lungs of murine- and non-human primate TB models, signifying host failure of Mtb replication 338 

control (34), (33), (35). Although the presence of CD11blowGr-1hi Ly6GhiLy6Clo PMN-MDSC were 339 

not specifically investigated here, it is possible that the MDSCs are included in the CD11b+Gr-1+ 340 

gate used in the current study. Interestingly, while both neutrophil depletion and S100A8/A9 341 

deficiency improved Mtb control, overall inflammatory lung disease was not impacted. In the case 342 

of neutrophil deficiency, it is possible that transient depletion of neutrophils was not sufficient to 343 

impact overall inflammation and prolonged neutrophil depletion may be required to impact lung 344 

pathology. During S100A8/A9 deficiency, while overall inflammatory disease was trending 345 

towards decreased inflammation, these data were not significant. However, the reduced 346 

accumulation of neutrophils into TB granulomas coincided with increased formation of B cell 347 

containing granulomas, which our studies in mice and NHPs have previously shown to be 348 

associated with improved Mtb control through enhanced macrophage activation (19, 36, 37). 349 

Furthermore, increased expression of S100A8 and S100A9 mRNA in LTBI who progress to 350 

pulmonary TB is likely due to inflammatory events associated with progression of disease. These 351 

data along with the overall reduced TB reactivation seen in S100A9KO in the Cornell mouse 352 

model implicates S100A8/A9 expression in mediating TB disease progression. Together, our 353 

results demonstrate that neutrophils and S100A8/A9 may play key roles in modulating TB 354 

immunopathogenesis by driving neutrophil accumulation. 355 

A mechanism by which S100A8/A9 regulates TB pathogenesis is likely by directly regulating 356 

CD11b expression on neutrophils. While S100A9 deficiency did not impact CD11b expression on 357 

neutrophils during the early stages of Mtb infection, deficient mice express lower CD11b levels 358 

on neutrophils during chronic TB and BCG infection. In contrast, in S100A9KO bone marrow 359 

neutrophils, CD11b expression is significantly lower in uninfected controls, and upon Mtb 360 

infection, upregulate CD11b to a lesser extent than B6 bone marrow neutrophils. Considering the 361 

baseline differences in CD11b expression in bone marrow neutrophils, it is intriguing why 362 
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differences in CD11b expression do not occur in S100A9KO mice until day 100 following Mtb 363 

infection. The nature of the microenvironment (e.g. presence of other pro-inflammatory 364 

chemokines, prolonged Mtb infection and stimulation, etc.) may contribute to differences observed 365 

in in vitro studies and ex vivo isolated neutrophils. Additionally, it is of considerable interest that 366 

while S100A9KO mice are protected from infection with a clinical Mtb isolate, HN878, S100A9KO 367 

mice do not show any protection when infected with a lab-adapted Mtb strain, H37Rv. Thus, our 368 

data suggest that S100A8/A9 may play homeostatic roles in regulating CD11b expression in bone 369 

marrow neutrophils, which following infection and likely induction of inflammatory signals, these 370 

effects may be amplified. Our data showing that S100A9KO neutrophils upon Mtb infection induce 371 

higher levels of phagocytic receptor expression including TLR2, TLR4 and MINCLE, and 372 

coincident increased expression of IL-6 and TNF- suggest that one mechanism by which 373 

S100A9KO mice exhibit better Mtb control in vivo during chronic TB could be due to increased 374 

Mtb uptake and role for neutrophil in Mtb clearance. Neutrophil chemotaxis has been associated 375 

with cytoskeletal reorganization and actin polymerization and regulation. S100A9 deficient 376 

neutrophils had actin defects when responding to IL-8 stimulation, suggesting that S100A9 has a 377 

role in cytoskeletal dynamics and reorganization (15). Despite our studies showing that 378 

S100A9KO neutrophils do not exhibit any defects in chemotactic migration towards Mtb-infected 379 

epithelial cell supernatants, it is possible that functional actin coordinates cell surface integrin 380 

regulation (e.g. CD11b/CD18), could impact neutrophil migration and adhesion in vivo and will be 381 

tested in future studies. Together, this suggests that S100A8/A9 expression in the lung may 382 

induce chemokines that mediate neutrophil accumulation, potentially directly act as a 383 

chemoattractant for neutrophils (17), but also by upregulating the expression of CD11b to amplify 384 

neutrophil migration into the lung. In addition, upon recruitment to the lung, Mtb infection induced 385 

S100A8/A9 proteins may regulate phagocytic receptor expression on neutrophils enabling 386 

increased Mtb infection of neutrophils. Together, these S100A8/A9-dependent mechanisms 387 

increase Mtb susceptibility and likely mediate immunopathology.   388 
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S100A8/A9 is known to interact with TLR4 and RAGE, while CD11b expression can be driven by 389 

interactions with TLR4 on neutrophils (38, 39). Thus, S100A8/A9 may engage TLR4 and RAGE 390 

to upregulate CD11b expression on neutrophils. Adoptive transfer of CD11b+ cells increased 391 

susceptibility in S100A9KO mice, suggesting that CD11b+ immune populations, namely 392 

neutrophils or monocytes expressing S100A8/A9, are the likely cellular population mediating 393 

increased susceptibility during chronic TB. The utilization of RAGE inhibitor, FPS-ZM1, is 394 

protective in animal models of emphysema and Alzheimer's disease (11, 40). During chronic TB, 395 

we show that transient use of RAGE inhibitors is protective and is sufficient to decrease lung Mtb 396 

burden, but not lung inflammation. Additionally, our data that RAGE inhibitors does not further 397 

improve Mtb control in S100A9KO chronically Mtb-infected mice suggest that the effect is 398 

S100A8/A9 dependent rather than through the interaction of RAGE  with its other ligands such as 399 

advanced glycation end products (AGE) and high-mobility group protein (B) 1 (HMGB1). Whether 400 

use of RAGE inhibitor limits neutrophil accumulation and thus reduces the Mtb niche is not fully 401 

explored and should be the focus of future studies. Excitingly, our data showing that S100A8/A9 402 

deficiency delays TB reactivation suggests that RAGE inhibitors may be potentially used as host 403 

directed therapeutics in combination with current antibiotic regimens to improve Mtb control and 404 

should be further studied.  405 

The rapid diagnostic test for detection of TB recommended by the World Health Organization 406 

(WHO) is an automated PCR assay that detects mycobacteria in sputum expectorated by 407 

patients. However, access remains restricted in low resource settings, and sputum-based 408 

microscopy to identify Mtb still remains the most commonly used diagnostic for TB, but this 409 

method is primarily capable of identifying ATB patients. Therefore, new non-sputum based 410 

screening tools for identifying individuals with ATB are required so that they can be prioritized for 411 

clinical investigation and treatment. Blood biomarkers that can differentiate progression of LTB to 412 

subclinical disease and ATB, failure of TB treatment and TB relapse would provide additional 413 

tools to improve TB diagnosis and combat the global TB epidemic. Several studies have explored 414 
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the use of host transcriptional biosignatures as diagnostic biomarkers for progression of TB and 415 

to predict risk of human TB disease (2, 41). Although these studies propose the use of 416 

transcriptional gene signatures as screening or triage tests for TB, the costs and technology 417 

associated with RT-PCR or RNA sequencing may still limit use of these biomarkers as diagnostic 418 

in low resource setting. Our published studies have shown that ATB patients in India, Mexico and 419 

South Africa all reliably exhibit increased expression of serum S100A8/A9 proteins when 420 

compared with HC (7), and now in QFT+LTB individuals. Serum is more amenable to developing 421 

a simple screening test that may be easier to translate into a point of care format (e.g. the 422 

Quantum Blue assay, which works for serum and faeces). Additionally, our new studies also show 423 

that S100A8/A9 along with chemokine such as CXCL-1 and CXCL-10 serum protein levels 424 

reliably able to differentiate between ATB and HC, and although less effective but still significantly 425 

can discriminate between ATB and QFT+ LTB individuals. Furthermore, that S100A8/A9 is not 426 

significantly increased during other chronic pulmonary diseases such as COPD cohort suggests 427 

that S100A8/A9 may be useful as a biomarker for a triage test to rule out individuals who do not 428 

have TB, such that biomarker+ individuals then get followed up for further TB diagnosis. One 429 

limitation of the use of S100A8/A9 and chemokines is that acute respiratory infections such as 430 

influenza also result in high expression of S100A8/A9 and CXCL-1. Detailing the expression of 431 

these biomarkers in other acute bacterial infections will be useful criteria for future studies. 432 

Interestingly, S100A8/A9 could also show initial potential as an early indicator for successful TB 433 

treatment, as S100A8/A9 levels decreased significantly 2 weeks post treatment initiation in cured 434 

TB patients, and did not decrease in TB patients which failed treatment. Thus, further validation 435 

of the use of S100A8/A9, CXCL-1, and CXCL-10 in different geographical cohorts and in 436 

treatment failure and relapse studies will be useful and timely.  437 

In summary, our studies have mechanistically described a pivotal role for S100A8/A9 proteins in 438 

mediating TB pathogenesis through regulation of CD11b and neutrophil recruitment. Additionally, 439 

our experimental studies targeting the S100A8/A9 signaling pathway project a novel pathway for 440 
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host directed therapeutics for TB. A more mechanistic understanding of the role of S100A8/A9 441 

proteins further validates the development of S100A8/A9 and related biomarkers as novel 442 

diagnostics for TB.  443 

Methods 444 

 445 

Mice and NHP Mtb infection 446 

C57BL/6 (B6) mice were purchased from Jackson Laboratory (Bar Harbor, ME).  S100A9KO was 447 

obtained from Dr. Thomas Vogl (15) and mice were bred within the Washington University in St. 448 

Louis animal facility. Both sexes between the ages of 6-8 weeks were used. All mice were 449 

maintained and used in accordance with the approved Institutional Animal Care and Use 450 

Committee (IACUC) guidelines at Washington University in St. Louis. Mtb strains were cultured 451 

and mice were aerosol infected with ~100 colony forming units (CFU), as described previously 452 

(19). At specific time points post infection, lungs were harvested, homogenized, and serial 453 

dilutions of tissue homogenates plated on 7H11 agar plates to determine Mtb CFU. For 454 

reactivation experiments, mice were treated with rifabutin (Sigma) (100 mg/L) and isoniazid 455 

(Sigma) (200 mg/L) for 6 weeks and mouse tissue was then harvested at 140 dpi. For rhesus 456 

macaques infected with Mtb, we used clinical data stored in the Animal Records System (ARS) 457 

at the Tulane National Primate Research Center. Macaques were chosen if they were 458 

experimentally infected with Mtb (either CDC1551, Erdman or H37Rv strains) during 2007-2015 459 

and exhibited either ATB or were latently infected. Post-infection, data were obtained weekly from 460 

animals until euthanasia or necropsy. Neutrophil percentages in the blood were obtained from 461 

complete blood counts performed at the same time as serum chemistry. 462 

Adoptive transfer of CD11b+ cells  463 

Lung cell suspensions were prepared from the lungs of B6 mice 100 dpi following HN878 infection. 464 

CD11b+ cells were enriched from the lung suspension using magnetic selection with CD11b 465 
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microbeads (Miltenyi Biotec, Auburn, CA) per manufacturer’s instructions. 50 µl (1x106 cells) of 466 

this suspension (72.4% purity) was administered intratracheally to HN878-infected mice at 100 467 

dpi. These mice were harvested on 120 dpi as indicated. 468 

RAGE-inhibitor treatment 469 

RAGE signaling was inhibited starting 205 or 245 dpi as previously described (11) through daily 470 

intraperitoneal (i.p.) injection of 1 mg/kg RAGE-specific blocker FPS-ZM1 (Tocris) or 0.1% (v/v) 471 

DMSO in PBS (control). Mice were euthanized 15 days after treatment. 472 

Neutrophil Depletion 473 

Neutrophils were depleted as described (42) using 300 µg anti-mouse Ly6G (BioXcell) or isotype 474 

IgG (Sigma). Briefly, in acute infections (less than 21 dpi), mice were given 300 µg of anti-mouse 475 

Ly6G every other day between 10-20 dpi intraperitoneally (i.p). In chronic infections, mice were 476 

given 300 µg of anti-mouse Ly6G every other day between 95-105 dpi via intraperitoneal (i.p.) 477 

injections. 478 

Lung Cell Preparation and Flow Cytometry  479 

Lung cell suspensions were prepared, stained, collected and analyzed for flow cytometry as 480 

described before (19). Fluorochrome-labeled antibodies specific for CD11b (M1/70, BD), CD11c 481 

(HL3, BD), Gr-1 (RB6-8C5, eBioscience) were used in this study. Cells were collected using a 482 

FACSJazz with FACS Sortware software. Cell populations were gated based on their forward by 483 

side scatter characteristics and the frequency of specific cell types was analyzed using FlowJo 484 

version 7.6.5 (Tree Star Inc, CA). Lung alveolar macrophages were gated as CD11c+ CD11b-, 485 

lung myeloid dendritic cells were gated on CD11c+ CD11b+, neutrophils as CD11b+ Gr-1hi, 486 

recruited macrophages were annotated as CD11b+ Gr-1lo, and monocytes were gated on CD11b+ 487 

Gr1int cells as in Dunlap et al 2018 (43). 488 

In vitro neutrophil infections 489 

Neutrophils were isolated from the bone marrow using the mouse neutrophil isolation kit (Miltenyi 490 

Biotec, Auburn, CA). Neutrophils were infected at an MOI of 1 for three hours. Neutrophil uptake 491 
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was derived from neutrophil infection with Mtb HN878-mCherry. CD11b MFI was also assessed 492 

in neutrophils treated with heat-killed Mtb HN878 (1x106 CFU) or Mtb HN878 culture filtrate protein 493 

and cell wall extracts (10 µg/ml). Fluorochrome-labeled antibodies specific for CD11b (M1/70, 494 

BD), CD18 (M18/2, Biolegend), Gr-1 (RB6-8C5, eBiosciences), were used in this study.  495 

In vitro neutrophil chemotaxis assay 496 

Neutrophils were isolated from the bone marrow of B6 or S100A9KO using the mouse neutrophil 497 

isolation kit (Miltenyi Biotec, Auburn, CA). Neutrophils were infected at an MOI of 1 for one hour, 498 

and then transferred to the upper compartments of a transwell plate separated by a 5-µm 499 

polycarbonate membrane (Corning). Supernatants from Mtb-infected epithelial cells (Supe.), or 500 

HBSS supplemented with 1% FCS (gravity control, Grav.) was added to the lower chambers, and 501 

the cells incubated for one hour at 37℃. Chemotaxis was assessed by flow cytometry by 502 

determining the number of neutrophils found in the lower chamber after incubation. Fluorochrome-503 

labeled antibodies specific for CD11b (M1/70, BD), Gr-1 (RB6-8C5, eBiosciences), were used in 504 

this study.  505 

RNA Extraction and Quantitative RT-PCR. 506 

Total RNA was isolated from neutrophils using an RNeasy Mini kit (Qiagen, Valencia, CA, USA). 507 

cDNA was synthesized using ABI reverse transcription reagents (ABI, ThermoFisher) on a 508 

BioRad DNA Engine Thermal Cycler (BioRad, Hercules, CA, USA). Gene expression was 509 

assessed using primers from IDT (Coralville, IA, USA) and ABI, and run on a Viia7 Real-Time 510 

PCR system (Life Technologies, ThermoFisher). Expression of genes of interest (FPR1, TLR2, 511 

TLR4, DECTIN (Clec7a) and MINCLE (Clec4e), was normalized to GAPDH expression, and log10 512 

fold induction over the control group was assessed using the ΔΔCT calculation. 513 

Lung histology 514 

Lungs from Mtb-infected mice were perfused with 10% neutral buffered formalin and were paraffin 515 

embedded. Lung sections were stained with hematoxylin and eosin (H&E) and processed for light 516 
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microscopy. Images were obtained using Zeiss Axioplan 2 microscope and were recorded with a 517 

Zeiss AxioCam digital camera. Sections were probed with rabbit anti-MPO (PB9057, BosterBio; 518 

dilution 1:100) and biotinylated rat anti-mouse Ly6G (clone IA8, Biolegend; dilution 1:100) to 519 

detect neutrophils or with anti-B220 (clone RA3-6B2, BD Pharmingen; dilution: 1/100) to detect 520 

B cells. Primary antibodies were detected with Cy3 donkey anti-rabbit IgG (711-166-152, Jackson 521 

ImmunoResearch Laboratories; dilution 1:200) and Alexa Fluor 488 streptavidin (A21208, 522 

Thermo Fisher Scientific; dilution 1:200). B cell follicles were assessed through the automated 523 

tool of the Zeiss Axioplan 2 microscope (Zeiss, Thornwood, NY, USA), and total area and 524 

average size was calculated in squared microns. Myeloid and lymphocyte areas were acquired 525 

with stained slide images using a Hamamatsu Nanozoomer 2.0 HT system with NDP scan 526 

image acquisition software and was quantified using Visiomorph image processing software 527 

(Visiopharm, Broomfield, CO).  528 

In order to calculate the percentage of inflammation per lobe, all clusters of inflammatory cells in 529 

an individual lobe were systematically outlined with the automated tool of the Zeiss Axioplan 530 

microscope. The total area covered by inflammation was calculated by adding all the Individual 531 

areas occupied by clusters of inflammatory cells located in the interstitial, peri-bronchial and 532 

perivascular regions. Next, a picture of the whole lobe was obtained with the stich tool of the Zeiss 533 

axioplan microscope. Lung parenchyma, excluding empty spaces (Alveoli, bronchi and blood 534 

vessel lumens), was outlined with the automated tool of the Zeiss Axioplan microscope to 535 

determine the area of the lobe. Finally, the percentage of the area covered by inflammation per 536 

lobe was calculated by dividing the total area covered by inflammatory cells by the total area 537 

occupied by lung tissue, multiplied by 100. 538 

 539 

RNA sequencing data from Adolescent Cohort Study progressors and controls 540 
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We compared gene-level mRNA expression levels of S100A8 and S100A9 in Mtb-infected 541 

adolescents enrolled into the Adolescent Cohort Study (ACS) who remained healthy during 2 542 

years of study follow-up (controls) (n=106) or who progressed to microbiologically confirmed, 543 

active TB (progressors) (n=44), as described (14, 41). Adolescents who were Mtb+ at enrollment, 544 

or developed ATB disease more than 6 months after Mtb infection was first detected were 545 

included in our analyses. Each progressor had two healthy matched controls based on age, 546 

gender, ethnicity, school of attendance, and presence or absence of prior episodes of TB disease. 547 

Participants were excluded if they were ATB+ within 6 months of enrollment or QFT and/or TST 548 

conversion, or if they were HIV infected. Participants with diagnosed or suspected TB disease 549 

were referred to a study-independent public health physician for treatment according to national 550 

TB control programs of the country involved. RNA was extracted from PAX gene tubes and RNA-551 

sequencing performed as described (14, 41). Prospective RNA-Seq data of progressors were 552 

realigned to the time point at which active TB was diagnosed. Differences in gene-level mRNA 553 

expression between each progressor sample and the average of demographically matched 554 

control samples were computed using the published ACS metadata (14, 41). Time To Diagnosis 555 

values were assigned to each sample according to the original definitions. The log2 fold change 556 

values between progressor and control biomarkers were modeled as a nonlinear function of Time 557 

To Diagnosis for the entire population using the smooth-spline function in R with three degrees of 558 

freedom. Ninety-nine percent confidence intervals for the temporal trends were computed by 559 

performing 2000 iterations of spline fitting after bootstrap resampling from the full dataset.  560 

ATB cohort 561 

We recruited patients (n = 52) with confirmed ATB. The diagnosis of ATB was made by the 562 

conventional microscopic detection of acid-alcohol resistant bacteria as well as culture of Mtb in 563 

Lowenstein-Jensen medium in serial, non-concentrated sputum samples, radiological studies, 564 

physical examination and clinical history. All patients with ATB were residents of the urban and 565 
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metropolitan areas of Mexico City and some patients were residents from different states of the 566 

south and central area of Mexico including Veracruz, Oaxaca, Puebla and Chiapas. Patients with 567 

ATB, excluding patients with HIV and cancer, were recruited at the INER Tuberculosis Clinic in a 568 

period between 2015 and 2017. 569 

At the same time, household contacts of ATB patients who are TST+QFT+ LTBI (n = 36) were 570 

recruited in the first two months of diagnosis. The criteria for inclusion of contacts of ATB patients 571 

were: 1) Subjects of legal age (18 to 54) willing to sign the letter of consent; 2) Subjects in close 572 

contact with the index case of ATB and 3) Subjects willing to provide the blood samples needed 573 

to participate in the study. In addition, a group of individuals (n = 28) belonging to health personnel 574 

(resident physicians of the pulmonology specialty) and administrative medical staff of the INER, 575 

considered as an occupational risk population of which both TST+QFT+ (n=19) and TST+QFT- 576 

(n=9) were included. Also, a group of uninfected healthy individuals (TST-QFT-) were also 577 

recruited (n=26). Only patients with ATB, LTBI, and healthy controls who agreed to participate in 578 

the study and who signed an informed consent letter were included. The study was reviewed and 579 

approved by the Institutional Research Committee with protocol number B04-15. After the consent 580 

signature, 20 ml of blood anticoagulated with EDTA and 10 ml of blood without anticoagulant was 581 

used to isolate serum for the purpose of performing the experimental analysis. 582 

TB treatment cohort 583 

Study participants, 34 cured and 10 relapse TB patients, and 10 patients who failed TB treatment, 584 

were enrolled and treated from TB clinics surrounding Tygerberg Hospital in Cape Town, South 585 

Africa, as a sub-study to the Pulmonary TB cohort study (April 2010 and April 2013) and the Action 586 

TB study (May 1999 and July 2002)  (44, 45). Serum samples were used for the quantification of 587 

circulating S100A8/A9 concentrations. Pulmonary TB patients were all untreated at the time of 588 

enrollment with a first episode of TB. All TB patients received directly observed treatment, which 589 
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consisted of an intensive phase (2 months) of rifampicin (RIF), isoniazid (INH), pyrazinamide, and 590 

ethambutol  followed by a continuation phase (4 months) of RIF and INH. Patients were aged 591 

between 20 and 65 years and clinical information on age, sex, weight, and height (BMI) was 592 

recorded. Mycobacterial culture was performed using the automated BACTEC 12B liquid 593 

radiometric method. Individuals who had two consecutive negative culture results at the end of 594 

treatment were regarded as successfully cured. Bacteriological relapse following anti-TB 595 

treatment was determined within 24 months after treatment completion. Standardized restriction 596 

fragment length polymorphism (RFLP) banding patterns generated by southern hybridization with 597 

the insertion sequence (IS) 6110 probe17 were determined in patients with recurrent TB. 598 

Episodes were classified as relapse when the strain pattern was the same. TB treatment failure 599 

was defined by a positive sputum culture at month 6 post initiation of standard treatment of drug-600 

sensitive TB. All individuals adhered to treatment (>80% of drugs taken) and were infected with 601 

drug sensitive Mtb strains. No distinct differences in strain types were observed between failed 602 

and cured patients. Patients were excluded if they previously had TB; MDR TB, were HIV positive, 603 

presented with diabetes, malignancy, lung cancer, chronic bronchitis, or sarcoidosis, were on 604 

steroid treatment or were pregnant. Chest X-rays (CXRs) were only obtained at baseline and 605 

were read independently in a blinded fashion by a pulmonologist or clinician. 606 

G-CSF, IL-6, TNF-α, CXCL-2, S100A8/A9, CXCL-1 and CXCL-10 protein quantification 607 

Levels of G-CSF, IL-6 and TNF-α, CXCL-1 and CXCL-2 in mouse lung homogenates were 608 

measured using a mouse Luminex assay (Linco/Millipore). Circulating levels of S100A8/A9 were 609 

measured in serum samples by ELISA using the DuoSet ELISA Development kit for human 610 

S100A8/S100A9 heterodimer (Cat: DY8226, R&D Systems Inc., Minneapolis, MN, USA), 611 

according to the manufacturer’s instructions. Serum samples were diluted 1:4000 in reagent 612 

diluent (1% BSA in PBS). Absorbance was read at 450 nm and 540 nm (for wavelength correction) 613 

using the Synergy HT microplate ELISA reader (BioTek Inc., Winooski, VT, USA). Serum levels 614 
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of CXCL-1 were measured by CXCL-1 Quantikine ELISA Kit (Cat: DGR00B, R&D Systems Inc.)  615 

according to the manufacturer’s instructions. For this assay, samples were diluted 1:2. 616 

Absorbance was read at 450nm and 540nm using the Synergy HT microplate ELISA reader 617 

(BioTek Inc.). Serum levels of CXCL-10 were assessed by Luminex using the Bio-Plex Pro 618 

CXCL10 Set (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer’s 619 

instructions. The samples were read in a BioPlex-200 instrument. The results were analyzed 620 

using the BioPlex software V 4.1 (Bio-Rad Laboratories). 621 

Statistics 622 

Differences between the means of two groups were analyzed using the two tailed Student’s t-test in 623 

GraphPad Prism 5 or Graphpad Prism 8 (La Jolla, CA). Multiple groups were analyzed using 1-way 624 

ANOVA with Tukey’s or Dunnett’s post-test analysis, or Mixed Effects Analysis of 1-way ANOVA with 625 

Dunnett’s post-test as indicated. Differences are noted as significant when a p-value is less than or 626 

equal to 0.05 (*), less than or equal to 0.01 (**), less than or equal to 0.001 (***), and less than 0.0001 627 

(****).  628 

The distribution of the biomarkers in human samples was examined and expressed as a median and 629 

interquartile range (IQR). The differences in the distributions across the groups was evaluated using 630 

the Kruskal-Wallis nonparametric test where the Dwass, Steel, Critchlow-Fligner Method was used to 631 

check for Pairwise Two-Sided Multiple Comparison Analysis (46-48). The diagnostic efficiency of the 632 

individual biomarkers and their combinations was assessed by ROC analysis where the AUC and 633 

associated 95% confidence intervals (CIs) were determined. A nonparametric approach was used to 634 

compare the correlated ROC curves without adjustments for pairwise comparisons (49). Logistic 635 

regression analysis was performed to determine the predictive probability of these biomarkers on the 636 

each of the outcome combinations. The level of significance was set to 0.05 and all analysis were 2-637 

sided. Statistical analyses and figures were performed with SAS 9.4 (SAS Institute Inc., Cary, NC, 638 

USA). 639 
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Tables 665 

Table 1: Descriptive Statistics (Median and Interquartile Range) of biomarkers in Active 666 

TB, Latent TB, Healthy controls, and Influenza infected patients. 667 

  Active TB Latent TB Healthy C Influenza 

  Median IQRA Median  IQRA Median IQRA 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
, 
10050.3
5 1595.7 

1075.03
, 2821.5 960.37 

490.84, 
1771.91 

11254.6
1 

9266.72
, 
12263.6
8 

AInterquartile Range (IQR) 668 

  669 
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Table 2: Differences in the distribution across the three individual biomarkers 670 

  

P-
valueA 

P value for Pairwise comparisonsB 

Active TB vs 
Latent TB 

Active TB vs 
Healthy C 

Latent TB vs 
Healthy C 

Active TB vs 
InfluenzaA 

CXCL1 0.0001 0.0198 <.0001 0.1539 <.0001 

CXCL10 <.0001  <.0001  <.0001 0.997 0.5789 

S100A8/A9 <.0001 <.0001 <.0001 0.0206 0.0006 
AKruskal Wallis Test 671 
BDwass, Steel, Critchlow-Fligner Method  672 
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Table 3: Area Under the Curve (AUC) of the Model Biomarker Combinations 674 

Models AUC 
LL 
95% CI 

UL 
95% CI 

Active TB vs Health Controls       

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+CXCL10A 0.9467 0.8893 1.0000 

CXCL10+ S100A8/A9A 0.9268 0.8633 0.9903 

CXCL10+CXCL1 0.9157 0.8448 0.9866 

CXCL1+ S100A8/A9A 0.9231 0.8537 0.9925 

Active TB 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+CXCL10A 0.8968 0.8398 0.9538 

CXCL10+ S100A8/A9A 0.8925 0.8326 0.9524 

CXCL10+CXCL1A 0.8841 0.8201 0.9480 

CXCL1+ S100A8/A9 0.8581 0.7905 0.9256 

Latent TB vs Health Controls       

S100A8/A9A 0.6777 0.5434 0.8120 

CXCL1 0.6230 0.5082 0.7378 

CXCL10 0.5049 0.3610 0.6488 

S100A8/A9+CXCL1+CXCL10A 0.6701 0.5507 0.7895 

CXCL10+S100A8/A9A 0.6593 0.5227 0.7958 

CXCL10+CXCL1 0.6148 0.4994 0.7303 
ABolded are the top 3 model combinations in terms of the AUC  675 
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Table 4: Comparison of the models top 3 AUCs within each group using the ROC macro 677 

(reference: http://support.sas.com/kb/25/addl/fusion_25017_6_roc.sas.txt) 678 

Models 
p-value for pairwise and overall c statistic 
comparisons 

Active TB vs Health Controls   

S100A8/A9+CXCL1+CXCL10 vs 
CXCL10+S100A8/A9A 0.0451 

S100A8/A9+CXCL1+CXCL10 vs 
CXCL10+CXCL1 0.1857 

CXCL10+CXCL1 vs 
S100A8/A9+CXCL10 0.5331 

Overall p-value 0.1040 

Active TB 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 Health Controls   

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 
Asignificant comparisons are in bold 679 
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