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Abstract 29 

Deeper understanding of the crosstalk between host cells and Mycobacterium 30 

tuberculosis (Mtb) provides crucial guidelines for the rational design of novel 31 

intervention strategies against tuberculosis (TB). Mycobacteria possess a unique 32 

complex cell wall with arabinogalactan (AG) as critical component. AG has been 33 

identified as a virulence factor of Mtb which is recognized by host galectin-9. Here 34 

we demonstrate that galectin-9 directly inhibited mycobacterial growth through 35 

AG-binding property of carbohydrate-recognition domain 2. Furthermore, IgG 36 

antibodies with AG specificity were detected in serum of TB patients. Based on the 37 

interaction between galectin-9 and AG, we developed monoclonal antibody (mAb) 38 

screening assay and identified AG-specific mAbs which profoundly inhibit Mtb 39 

growth. Mechanistically, proteomic profiling and morphological characterizations 40 

revealed that AG-specific mAbs regulate AG biosynthesis, thereby inducing cell wall 41 

swelling. Thus, direct AG-binding by galectin-9 or antibodies contributes to 42 

protection against TB. Our findings pave the way for the rational design of novel 43 

immunotherapeutic strategies for TB control. 44 

 45 
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Introduction 48 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb) remains a 49 

considerable threat to human health. In 2021, 10.6 million people fell ill with TB, 1.6 50 

million people died from the disease, and 450,000 new TB cases suffered from 51 

rifampicin-resistant or multidrug-resistant TB on this globe (Bagcchi, 2023). 52 

Although TB treatment measures are in place in many parts of the world, cure rates 53 

are insufficient due to the increasing emergence of drug resistance. Therefore, novel 54 

intervention strategies are urgently needed. Rational design of novel TB therapeutics 55 

depends on better understanding of the crosstalk between Mtb and host cells. 56 

Following inhalation of aerosols carrying Mtb, innate immune responses are 57 

initiated which constitute a first line of defense. Firstly, Mtb are engulfed by 58 

mononuclear phagocytes into the phagosome which matures and then fuses with 59 

lysosomes (Chandra et al., 2022). The pathogen-associated molecular patterns 60 

(PAMPs) from Mtb are recognized by a variety of pattern recognition receptors 61 

(PRRs), such as Toll-like receptors (TLRs), Nod-like receptors (NLRs), C-type lectins 62 

receptors (CLRs) and cyclic GMP-AMP synthase (cGAS), resulting in production of 63 

inflammatory cytokines, chemokines and anti-bacterial peptides to restrict bacterial 64 

growth (Fremond et al., 2004; Reiling et al., 2002; Watson et al., 2015; Wilson et al., 65 

2015). Mtb can escape from the phagosome into the cytosol and can be recaptured in 66 

autophagosomes, through a process termed xenophagy, to form a degradative 67 

autolysosome (Lopez et al., 2018; Wang and Li, 2020). Cell-autonomous defense 68 

mechanisms also include production of reactive oxygen and nitrogen intermediates, 69 
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hypoxia, mild acidity and nutrition deprivation (Lupoli et al., 2018; Nathan and 70 

Shiloh, 2000). These mechanisms help to limit growth and spread of the bacteria 71 

within the cell, and contribute to the initiation of an adaptive immune response. 72 

However, our knowledge about host immune factors that target Mtb components and 73 

directly inhibit replication is limited. 74 

Mtb can evade and resist immune defense by entering a state of dormancy which 75 

can last for years. This is due to the capacity of Mtb to synthesize a sturdy cell wall, 76 

slow down metabolism to promote growth arrest and implement the so-called 77 

stringent response (Batt et al., 2020; Hauryliuk et al., 2015). These mechanisms 78 

provide the basis for long-term persistence of Mtb until immune control weakens. 79 

Once immune control deteriorates, Mtb acquires a metabolic active stage and induces 80 

progression to active TB. 81 

The complex cell wall of Mtb provides a barrier not only for host defense, but also 82 

for antibiotics. Accordingly, components of the cell wall are well-established drug 83 

targets. The essential core cell wall structure is composed of three distinct layers: a) 84 

the cross-linked network of peptidoglycan (PGN), b) the highly branched 85 

arabinogalactan (AG) polysaccharide, and c) the characteristic long-chain mycolic 86 

acids (Jankute et al., 2015). Among these, AG has been an important target for 87 

anti-TB drugs, though understanding of its biological functions is limited. E.g., 88 

ethambutol, one of the front-line anti-TB drugs, targets the arabinosyltransferases 89 

EmbA, EmbB and EmbC, which are critical for AG synthesis (Escuyer et al., 2001; 90 

Goude et al., 2009; Zhang et al., 2020). However, it remains unclear whether AG is 91 
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directly targeted by natural host immune factors in TB.  92 

Recently, we identified AG as a virulence factor of Mtb that is recognized by 93 

galectin-9, a member of the β-galactoside binding gene family. Upon AG binding, 94 

galectin-9 initiates the downstream TAK1-ERK-MMP signaling cascade leading to 95 

pathologic impairment of the lung (Wu et al., 2021). Galectin-4 and galectin-8 96 

directly kill E.coli by recognizing blood group antigens of bacteria (Stowell et al., 97 

2010). This raises the question whether galectin-9 inhibits mycobacterial growth via 98 

targeting AG. Here, we demonstrate a novel cell-autonomous mechanism by which 99 

galectin-9 impedes mycobacterial growth via its AG-binding property in a 100 

carbohydrate recognition domain (CRD) 2-dependent mode. Moreover, in sera of TB 101 

patients, we identified anti-AG IgG antibodies which were supposed to defend against 102 

TB. Employing a monoclonal antibody (mAb) screening array, we identified anti-AG 103 

mAbs, CL010746 and CL046999, which were capable of restraining Mtb growth by 104 

regulating AG biosynthesis. Thus, AG possesses characteristic features of protective 105 

antigens. In sum, our work identified a previously unknown role of galectin-9 and 106 

anti-AG antibodies in TB control. Hence, our findings provide the basis for rational 107 

design of mAb-based immunotherapy of TB as a novel approach towards 108 

host-directed therapy of one of the deadliest infectious diseases globally.   109 
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Results 110 

Galectin-9 inhibits mycobacterial growth 111 

Our previous work demonstrated that galectin-9 directly interacts with AG and 112 

AG-containing bacteria (Wu et al., 2021). Given the capacity of galectin-4 and 113 

galectin-8 to kill E.coli (Stowell et al., 2010), we interrogated whether galectin-9 114 

directly interferes with mycobacterial replication. Real-time monitoring of in vitro 115 

cultures revealed that recombinant galectin-9 protein inhibits growth of Mtb at a 116 

concentration as low as 10 ng/mL (Figure 1A). Native structural conformation of 117 

galectin-9 was required for its bacteriostatic effect since heat inactivation at 95 ℃ for 118 

5 min abrogated this activity (Figure 1B). CFU assays further validated that 119 

galectin-9 inhibited Mtb growth (Figure 1C). Galectin-9 also impaired replication of 120 

the fast-growing Mycobacterium smegmatis in a dose-dependent manner (Figure 1D). 121 

Consistently, ELISA revealed profoundly higher abundance of galectin-9 in serum 122 

from TB patients than that from Tuberculin skin test (TST) negative (TST-) heathy 123 

donors, implying that galectin-9 contributes to resistance against Mtb infection 124 

(Figure 1E). Of note, average concentration of galectin-9 in sera of TST positive 125 

(TST+) healthy donors was 3.748 ng/mL (Figure 1E). We speculate that this high 126 

abundance of galectin-9 contributes to maintenance of latent TB infection by 127 

restricting Mtb spreading from granuloma, where the pathogen is contained. In sum, 128 

we conclude that galectin-9 directly inhibits mycobacterial growth. 129 

Macrophages are part of the first line defense against invading mycobacteria. 130 

When human monocytic THP-1 cells were infected with Mycobacterium bovis BCG 131 
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fused with DsRed, immunofluorescence assays revealed recruitment of galectin-9 to 132 

mycobacteria in a time-dependent manner (Figure 1F and 1G). In line with this 133 

observation, robust accumulation of galectin-9 around invading Mtb H37Rv-GFP was 134 

also observed in THP-1 cells post infection (Figure 1H and 1I). Though galectin-9 135 

has been reported to be critical for initiation of mTOR signaling and induction of 136 

autophagy (Bell et al., 2021; Jia et al., 2018; Jia et al., 2020), our work revealed a 137 

novel cell-autonomous mechanism whereby galectin-9 recruitment restricts 138 

mycobacterial growth in an autophagy-independent manner. 139 

 140 

Carbohydrate recognition is essential for galectin-9-mediated inhibition of 141 

mycobacterial growth 142 

Given that galectin-9 binds to β-galactoside, we interrogated whether carbohydrate 143 

recognition by galectin-9 is essential for inhibition of mycobacterial growth. Addition 144 

of lactose rich in β-galactoside (generally used for neutralization of carbohydrate 145 

binding of galectin-9) partially enhanced Mtb growth in vitro, and completely 146 

reversed mycobacterial growth inhibition by galectin-9 (Figure 2A). In contrast, 147 

addition of glucose had no such effect (Figure 2B). These results indicate that the 148 

β-galactose binding property of galectin-9 is involved in mycobacterial activity. 149 

Moreover, excess AG not only reversed growth inhibition by galectin-9, but also 150 

markedly promoted Mtb growth (Figure 2C), indicating that the AG-binding property 151 

of galectin-9 is involved in anti-mycobacterial activity. Our previous work had 152 

demonstrated that CRD2, but not CRD1, of galectin-9 mediated its interaction with 153 
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AG (Wu et al., 2021). As expected, addition of purified CRD2, but not of CRD1, to 154 

some extent hindered Mtb growth, emphasizing that AG binding to galectin-9 was 155 

sufficient for anti-mycobacterial effects (Figure 2D). Taken together, carbohydrate 156 

recognition is essential for galectin-9-mediated inhibition of mycobacterial growth. 157 

 158 

Identification of anti-AG antibodies from TB patients 159 

Given the higher abundance of galectin-9 in serum from active TB patients, we next 160 

interrogated whether anti-AG antibodies are present in serum of TB patients. An 161 

ELISA assay was developed for identification of anti-AG antibodies by coating AG 162 

on plates (Figure 3A). An adequate window of serum dilutions allowed a linear 163 

correlation between OD450 and dilution over an appropriate range (Figure 3B). 164 

Subsequently, we determined the relative abundance of anti-AG serum antibodies in 165 

17 healthy donors and 25 active TB patients, all of whom had received BCG 166 

vaccination within 24 hours after birth. Our findings revealed a significant increase in 167 

the abundance of anti-AG antibodies among TB patients when compared to healthy 168 

donors (Figure 3C). We speculate that during Mtb infection, anti-AG IgG antibodies 169 

are induced which contribute to protection against TB by directly inhibiting Mtb 170 

replication albeit apparently in vain. Whether anti-AG antibody levels at site of Mtb 171 

growth in patients are too low or whether growth inhibition is nullified by excessive 172 

replication of Mtb remains to be solved in the future.  173 

 174 

Generation of anti-AG mAb 175 

Based on the finding that AG binding of galectin-9 inhibits mycobacterial growth, we 176 
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embarked on the development of anti-AG mAbs with blocking acivity. Given the high 177 

affinity between galectin-9 and AG, we developed an antibody chip comprising 178 

62,208 mAbs to screen for anti-AG activity (Wu et al., 2021). Briefly, the antibody 179 

chip was incubated with AG, and bound AG was subsequently detected using 180 

galectin-9 in conjunction with FITC-labeled anti-galectin-9 monoclonal antibody 181 

(Figure 4A). We filtered out 12 candidate mAbs exhibiting binding affinity to AG 182 

(Figure 4A, B). Subsequently, we validated their AG-binding capacity using ELISA. 183 

AG was coated on plates, and mAbs were added in 2-fold serial dilutions (Figure 4C). 184 

The ELISA assay revealed a robust AG-binding curve for CL010746 (referred to as 185 

mAb1) and CL046999 (referred to as mAb2) (Figure 4D). Furthermore, both mAbs 186 

exhibited specific binding to Mtb H37Rv-GFP as demonstrated by immunofluorescent 187 

assay (Figure 4E). Therefore, we have successfully developed anti-AG mAbs that 188 

bind Mtb directly.  189 

  190 

Anti-AG antibody inhibits Mtb growth 191 

For functional characterization, we monitored the in vitro mycobacterial growth in the 192 

presence or absence of anti-AG mAbs. Both mAb1 and mAb2 demonstrated 193 

inhibition of Mtb growth (Figure 5A). This finding was further confirmed through 194 

CFU determination (Figure 5B). Likewise, both mAbs markedly inhibited growth of 195 

Mycobacterium smegmatis as evidenced by real-time OD monitoring (Figure 5C) and 196 

CFU assay (Figure 5D). In conclusion, the newly identified anti-AG mAbs 197 

demonstrated direct blockade of mycobacterial growth through binding to AG. Direct 198 
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inhibitory effects on Mtb growth by anti-AG antibodies emphasize that AG expresses 199 

features of protective antigens. 200 

 201 

Proteomics profiling of the mycobacterial response to anti-AG mAb 202 

To elucidate the molecular mechanisms underlying inhibition of mycobacterial 203 

growth by anti-AG antibodies, we conducted proteomic profiling of Mtb in response 204 

to anti-AG mAb1 treatment. Gene ontology (GO) enrichment analysis revealed 205 

significant enrichment of numerous cellular and metabolic processes, primarily 206 

related to biosynthesis of outer membrane, upon treatment with anti-AG mAb1. These 207 

processes include cell periphery, external encapsulating structure, organic substance 208 

metabolic process, cellular metabolic process, primary metabolic process, nitrogen 209 

compound metabolic process, and biosynthetic process (Figure 6A). Moreover, the 210 

formamidopyrimidine-DNA glycosylase N-terminal domain was enriched based on 211 

the analysis of functional enrichment and protein domain of differentially expressed 212 

antigens (Figure 6B, C). Additionally, the KEGG pathway analysis demonstrated a 213 

significant enrichment of lipoarabinomannan (LAM) biosynthesis pathways (Figure 214 

6D). Consistently, the upregulated proteins Rv0236.1 and Rv3806c were involved in 215 

the biosynthesis of the mycobacterial cell wall arabinan (Figure 6E). In the 216 

re-annotated genome sequence of Mtb, Rv0236.1 consists of Rv0236c and Rv0236A. 217 

Rv0236c is predicted to be a cognate of the GT-C superfamily of glycosyltransferases 218 

and likely acts as arabinofuranosyltransferase involved in AG synthesis (Skovierová 219 

et al., 2009). On the other hand, Rv0236A is a small secreted protein involved in cell 220 
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wall and cell processes (Marmiesse et al., 2004). Additionally, Rv3806c is a 221 

decaprenylphosphoryl-5-phosphoribose (DPPR) synthase involved in AG synthesis 222 

(He et al., 2015). These data provide compelling evidence to suggest that anti-AG 223 

mAbs regulate AG biosynthesis. 224 

 225 

Targeting AG by mAbs modulates the cell wall of Mtb 226 

To verify the impact of anti-AG mAbs on the biosynthesis of the mycobacterial cell 227 

wall, we characterized the morphological changes of Mtb treated with or without 228 

mAbs. Intriguingly, mAb1 and mAb2 treatment both led to a dispersed distribution of 229 

Mtb in cultures (Figure 7A). Acid fast staining further revealed the formation of a 230 

cord-like structure in Mtb treated with mAb1 or mAb2, which was not observed 231 

following ethambutol (EMB) treatment (Figure 7B). Moreover, electron microscopy 232 

demonstrated that anti-AG mAbs treatment markedly increased the thickness of the 233 

Mtb cell wall (Figure 7C). Based on these findings, we conclude that targeting AG by 234 

specific antibodies, and likely by galectin-9 as well, impairs growth of Mtb and other 235 

mycobacteria by modulating cell wall structure.  236 

 237 

Discussion 238 

Mtb, the etiologic agent of TB, is one of the leading causes of death worldwide, 239 

further aggravated by increasing incidences of antibiotic resistance (Miotto et al., 240 

2018; Singh and Chibale, 2021). Hence, TB remains a major contributor to the global 241 

disease burden. Host-directed therapy is increasingly recognized as an alternative or 242 
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adjunct to antibiotic therapy (Kaufmann et al., 2018). Therefore, deeper insights into 243 

the interactions between Mtb and the host immune system are warranted. We 244 

previously demonstrated that mycobacterial AG binds to the galactoside-binding 245 

protein galectin-9, causing pathologic impairments in the lung via the 246 

TAK1-ERK-MMP signaling pathway (Wu et al., 2021). Here, we demonstrate that 247 

galectin-9 directly impedes mycobacterial growth through its AG-binding property. 248 

Further, we identified natural anti-AG antibodies in sera of TB patients, which are 249 

predicted to inhibit Mtb growth. Based on these findings, we generated mAbs capable 250 

of binding AG and hindering Mtb replication. Proteomics profiling of Mtb revealed 251 

that the binding of anti-AG antibodies regulates AG biosynthesis which leads to 252 

swelling of the cell wall, as validated by morphological characterization. We conclude 253 

that galectin-9 and anti-AG antibodies serve as immune factors that restrain bacterial 254 

growth by targeting AG in the cell wall. Increasing evidence suggests a role for 255 

antibodies in protection against TB (Irvine et al., 2021; Lu et al., 2019). It is generally 256 

assumed that the role of antibodies in TB is based on their interactions with 257 

macrophages, which promote anti-mycobacterial activities such as phago-lysosome 258 

fusion and production of reactive oxygen and nitrogen intermediates (Chandra et al., 259 

2022; Nathan and Shiloh, 2000). In striking contrast, our findings demonstrate that 260 

anti-AG antibodies directly impair Mtb growth and thus emphasize that AG comprises 261 

features of protective antigens. 262 

Galectins are a highly conserved class of molecules that play critical roles in 263 

multiple biological processes. Fifteen different types of galectins are known in 264 
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humans, which can be classified based on their structure, subcellular localization, and 265 

function. For instance, galectin1 participates in regulating cell proliferation, apoptosis, 266 

and immune responses through interactions with specific glycosylated receptors on 267 

the cell surface, such as integrins and CD45 (Cedeno-Laurent et al., 2012; Ge et al., 268 

2016; Perillo et al., 1995). More recently, it was shown that galectin-4 disrupts 269 

bacterial membranes and kills E.coli through interactions with lipopolysaccharides on 270 

the bacterial outer membrane (Stowell et al., 2010). Here, we demonstrate that 271 

galectin-9 significantly inhibits replication of Mtb by interacting with AG in Mtb via 272 

its CRD2 domain. Similar to galectin-9, galectin-4, galectin-6 and galectin-8 also 273 

comprise 2 CRDs in tandem connected by a linker sequence(Leffler et al., 2002). It 274 

remains to be explored whether and how these galectins exert anti-mycobacterial 275 

activities via the CRD2 domain, thereby providing general insights into the role of 276 

galectin family cognates in immunity to TB.  277 

After phagocytosis by pulmonary macrophages of the newly infected host, Mtb 278 

ends up inside phagosomes, where it downregulates its metabolism and enters a 279 

non-replicating persistent (NRP) state, termed dormancy, in response to host stress 280 

(Gengenbacher and Kaufmann, 2012; Russell, 2001). Once the immune response 281 

“breaks down”, Mtb transits into a metabolically active and replicative state which 282 

ultimately results in progression to active TB disease (van der Wel et al., 2007).We 283 

demonstrated that galectin-9 accumulates around invading mycobacteria in host cells. 284 

However, whether Mtb recruits galectin-9 during dormancy, its active stage, or during 285 

both stages, has not been investigated. Of note, AG is hidden by mycolic acids in the 286 
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outer layer. We speculate that during Mtb replication, cell wall synthesis is elevated 287 

and AG becomes exposed, thereby facilitating its binding to galectin-9 and leading to 288 

Mtb growth arrest. 289 

Major drugs in clinical use for TB treatment inhibit Mtb growth by targeting 290 

different essential components and processes. For instance, Isoniazid inhibits mycolic 291 

acid synthesis by targeting InhA enzyme (Quémard et al., 1995), Ethambutol blocks 292 

AG biosynthesis by targeting EmbCAB complex (Telenti et al., 1997), and 293 

Pyrazinamide disrupts the pH balance within the bacterial cell, thereby impairing 294 

mycobacterial growth (Zhang et al., 1999). Although the mycobacterial cell wall has 295 

been widely exploited as antibiotic target, to date, drugs that directly bind AG and 296 

inhibit Mtb growth have not been reported. Here, we identified host galectin-9 and 297 

anti-AG antibodies (both serum antibodies from patients and mAbs) which recognize 298 

AG and thus inhibit Mtb replication. Hence, anti-AG mAbs can be harnessed for 299 

design of novel biologics which address the challenge of drug resistance in TB. 300 

Mechanisms underlying inhibition of mycobacterial growth induced by galectin-9 301 

or anti-AG mAbs remain elusive. We propose they interfere with the activity of 302 

enzymes involved in AG biosynthesis and/or modify the physical properties of the cell 303 

wall, leading to disruption of AG side chain extension, thereby increasing Mtb 304 

vulnerability to host immunity. They may also function through the two-component 305 

system, that is commonly found in bacteria and allows bacteria to sense and respond 306 

to changes in the environment, such as nutrient availability or stress (Glover et al., 307 

2007; James et al., 2012; Majumdar et al., 2012). Interactions between galectin-9 and 308 
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AG in the cell wall may alter membrane permeability, which restrains nutrient uptake 309 

and activates sensor proteins, causing bacterial growth arrest. 310 

Aside from their direct anti-Mtb activity, anti-AG antibodies in serum of TB 311 

patients probably also opsonize Mtb, thereby promoting phagocytosis by mononuclear 312 

phagocytes (Chen et al., 2016; Lu et al., 2019). However, the mechanisms by which 313 

galectin-9 or antibodies inhibit mycobacterial growth depend on the details of the 314 

molecular interactions and require further investigation. 315 

Our knowledge about antibodies which target glycans is scarce, not the least due 316 

to technical challenges. Glycan antigens have been identified on the surface of 317 

numerous microorganisms and are also expressed by certain cancer cells. Antibodies 318 

that recognize and bind these glycan antigens, therefore, are promising candidates for 319 

therapy and diagnosis of infectious and malignant diseases. For instance, the mAb 320 

2G12 neutralizes human immunodeficiency virus-1 (HIV-1) by recognizing 321 

oligomannose-type N-glycans on the HIV-1 gp120 envelope protein, and the mAb 322 

FH6 specifically binds the Sialyl Lewis X (SLeX) antigen on the surface of various 323 

cancer cells (Fukushi et al., 1984; Kannagi et al., 1986; Trkola et al., 1996). In this 324 

study, we not only discovered anti-AG mAbs which directly impair Mtb growth, but 325 

also developed an efficient high-throughput screening for identifying mAbs with 326 

specificity for glycans. 327 

In conclusion, we (i) discovered a novel cell-autonomous mechanism by which 328 

galectin-9 protects against TB via targeting AG in the cell wall of Mtb, (ii) identified 329 

neutralizing antibodies against AG in serum of TB patients, (iii) selected anti-AG 330 
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mAbs for passive immunization against TB by means of a mAb screening array, (iv) 331 

characterized inhibition of Mtb replication by induction of cell wall swelling as 332 

critical mechanism of protection through AG targeting (Figure 7D). Our findings, 333 

thus, not only provide deeper insights into humoral immune mechanisms involved in 334 

protection against TB, but also serve as basis for new intervention strategies against 335 

TB in adjunct to chemotherapy. 336 

  337 
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Materials and Methods 338 

Bacteria  339 

Mtb H37Rv, H37Rv-GFP, Mycobacterium bovis BCG, and Mycobacterium 340 

smegmatis mc2155, were from Shanghai Key Laboratory of Tuberculosis and grown 341 

in Middlebrook 7H9 (Becton Dickinson, Cockeysville, MD) liquid medium 342 

supplemented with 0.25% glycerol, 10% oleic acid–albumin-dextrose-catalase 343 

(OADC) (Becton Dickinson, Sparks, MD) and 0.05% Tween-80. 344 

In vitro growth of mycobacteria 345 

Mycobacteria were harvested at mid-log phase and diluted to a calculated starting 346 

OD600 of 0.25 and added to 96-well culture plates containing Middlebrook 7H9 347 

liquid medium together with antibody or galectin-9. OD600 of each time point of each 348 

strain was tested in real time by Bioscreen C microplate incubator (FP1100-C, 349 

Labsystems, USA) at 37℃. 350 

CFU assay 351 

Mycobacteria were harvested at mid-log phase and diluted to a calculated starting 352 

OD600 of 0.25 and incubated in Middlebrook 7H9 liquid medium with or without 353 

antibody or galectin-9 for 30 h at 37 ℃. Appropriate dilutions were plated on 7H10 354 

agar plates for enumeration of CFU. 355 

Immunofluorescence assay 356 

For colocalization of galectin-9 and mycobacteria, immunofluorescence assays were 357 

performed as described previously (Liu et al., 2018). Briefly, THP-1 cells (ATCC 358 

Cat# TIB-202 RRID: CVCL_0006) were infected with bacteria for 2 h, fixed with 4% 359 
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formaldehyde for 30 min at R.T., permeabilized with 0.1% Triton X-100 in PBS for 360 

5 min, and blocked with 5% BSA in PBS for 60 min at R.T.. Cells were stained with 361 

the anti-galectin-9 antibody (Cell Signaling Technology, Cat#54330, 362 

RRID:AB_2799456), antibodies at a dilution of 1:200 in 5% BSA in PBS overnight at 363 

4 °C and then incubated with Alexa Fluor 488 or 555 conjugated secondary antibodies 364 

(Thermo Fisher Scientific, Cat# A-11008; RRID: AB_143165; Cat# A32732, 365 

RRID:AB_2633281) at a dilution of 1:1000 for 2 h at R.T.. Nuclei were stained with 366 

DAPI.  367 

For binding of anti-AG mAb with Mtb, H37Rv-GFP strains were harvested at mid-log 368 

phase. Subsequently, 2×107 H37Rv-GFP/100 μL FACS buffer was incubated with 369 

anti-AG mAb (mAb1 or mAb2, 20 μg/mL) at R.T. for 1h, and washed three times 370 

with PBST (PBS containing 0.05 % Tween 20, pH 7.4) by centrifugation (12,000g, 5 371 

min). The resulting sediment was resuspended in 10 μL of ddH2O and smeared on 372 

microscopic slides.  373 

Images were acquired using a Leica TCS SP8 confocal laser microscopy system 374 

(Leica Microsystems) at ×63 magnification. 375 

Validation of anti-AG antibodies by ELISA 376 

AG antigen (10 μg in 100 μL 0.1 mol/L NaHCO3 buffer, pH 9.4) was added to wells 377 

of microwell plates and incubated overnight at 4°C. After four rinses with PBST (PBS 378 

containing 0.05 % Tween 20, pH 7.4), the wells were saturated with blocking buffer. 379 

After four additional PBST rinses, serum or candidate anti-AG mAbs were added to 380 

each well and incubated for 1 h at 37°C. The wells were rinsed three times with PBS 381 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.05.561003doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.05.561003
http://creativecommons.org/licenses/by/4.0/


containing 0.05 % Tween 20 and horseradish-peroxidase-labeled rabbit anti-human or 382 

anti mouse IgG (100 μL/well; Sigma-Aldrich, Germany) was added to each well and 383 

incubated for 1 h at 37°C. Finally, the TMB substrate was added and the absorbance 384 

was measured with the Thermo Fisher Scientific Multiskan FC microplate photometer. 385 

Clinical serum specimens were collected from 17 healthy volunteers and 25 386 

pulmonary TB patients before undergoing treatment at Shanghai Pulmonary Hospital 387 

(Shanghai, PR China), all of whom had received BCG vaccination within 24 h after 388 

birth. The donors are between the ages of 50 and 65, ethnic Han, with an equal 389 

representation of males and females. 390 

High throughput Screening of anti-AG antibody 391 

Antibody chip harboring 62208 mAbs was incubated with 10 μg AG in 10 mL 392 

incubation buffer (1x PBS buffer containing 10% BSA) for 1 h, followed by 393 

incubation with 10 μg galectin-9 protein in 10 mL incubation buffer for 1 h. The chip 394 

was incubated with rabbit anti-galetin-9 antibody (1:5000 diluted in 10 mL incubation 395 

buffer; ab227046, Abcam, UK) followed by staining with FITC-labelled anti-rabbit 396 

IgG (1:5000 diluted in 10 mL incubation buffer; ab6717, Abcam, UK). Then the chip 397 

was scanned by GenePix 4200A Microarray Scanner (Molecular Devices LLC) and 398 

analyzed by GenePix Pro 6.0 software. 399 

Proteomics analysis  400 

LC-MS/MS 401 

Mycobacteria at mid-log phase were diluted to a calculated starting OD600 of 0.25 402 

and incubated in Middlebrook 7H9 liquid medium with or without mAb1 for 30 h at 403 
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37 ℃. The bacterial pellets were collected followed by three washes with sterile 404 

saline. The bacterial pellets were resuspended in lysis buffer (8 M urea, 1% Protease 405 

Inhibitor Cocktail) and inactivated for 10 min at 100 ℃. The lysate was sonicated 406 

three times on ice using a high intensity ultrasonic processor (Scientz) and centrifuged. 407 

The protein concentration of the lysate was determined with BCA kit according to the 408 

manufacturer’s instructions. 409 

After trypsin digestion, peptides were dissolved in 0.1% formic acid and separated 410 

with nanoElute UHPLC system (Bruker, Germany) and subjected to Capillary source 411 

followed by the timsTOF Pro mass spectrometry. The resulting MS/MS data were 412 

processed using Maxquant search engine (v1.6.6.0). Tandem mass spectra were 413 

searched against Mtb strain ATCC 25618 83332 PR 20191210 database (3993 entries) 414 

concatenated with reverse decoy database. 415 

Enrichment of Gene Ontology analysis 416 

GO annotations of proteins are divided into three broad categories: Biological Process, 417 

Cellular Component, and Molecular Function. For each category, a two-tailed Fisher’s 418 

exact test was employed to test the enrichment of the differentially expressed protein 419 

against all identified proteins. The GO with a corrected p-value < 0.05 was considered 420 

significant. 421 

Enrichment of pathway analysis 422 

Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to identify 423 

enriched pathways by a two-tailed Fisher’s exact test to test the enrichment of the 424 

differentially expressed protein against all identified proteins. The pathway with a 425 
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corrected p-value < 0.05 was considered significant. These pathways were classified 426 

into hierarchical categories according to the KEGG website. 427 

Enrichment of protein domain analysis 428 

For each category proteins, InterPro database (a resource that provides functional 429 

analysis of protein sequences by classifying them into families and predicting the 430 

presence of domains and important sites) was researched and a two-tailed Fisher’s 431 

exact test was employed to test the enrichment of the differentially expressed protein 432 

against all identified proteins. Protein domains with a corrected p-value < 0.05 were 433 

considered significant. 434 

Morphologic characterization of Mtb 435 

Mtb strains were cultured in 96 U well culture plates containing Middlebrook 7H9 436 

liquid medium with anti-AG antibody or without anti-AG antibody at 37 ℃, and were 437 

grown for 10-14 days until the formation of colonies. Morphologic characterization of 438 

tested strains in liquid medium were observed by 2 x magnifier. At the same time, 10 439 

µl of culture were spread onto a glass slide. Smears on glass slides were fixed under 440 

ultraviolet light overnight.  Glass slides were stained with Ziehl–Neelsen stain using 441 

a TB Stain Kit (Baso DIAGNOTICS TAIWAN, Zhuhai, China). Morphological 442 

characteristics or cell lengths of tested strains were observed using a Leica DM2500 443 

microscope using the 100× objective.  444 

For ultrastructural characteristics, strains at mid-log phase were collected, and 445 

analyzed by Tecnai transmission electron microscopy (TEM) with 160 kV according 446 

the procedures of the manufacturer (GOODBIO, Wuhan, China). A 107-108 bacterial 447 
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suspension was used for TEM examination.  448 

Statistical analysis  449 

The statistical significance of comparisons was analyzed with two tailed unpaired 450 

Student’s t test or Mann-Whitney U test in GraphPad Prism version 8.0.1.. P < 0.05 451 

was considered statistically significant. All data are showed as mean ± SD of two or 452 

more independent experiments performed in triplicate. Detailed statistical information 453 

on each experiment is provided in the respective figure legends.454 
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Figures 655 

Figure 1. Galectin-9 inhibits mycobacterial growth directly. 656 

A. Profile of Mtb H37Rv (Rv) grown at 37°C in Middlebrook 7H9 liquid medium 657 

with different concentration of Galectin-9 (Gal9, 0, 0.01, 0.1, 1, 10 μg/mL). 658 

Growth curve was measured using a Bioscreen Growth Curve Instrument. Optical 659 

density was measured at absorbance at 600 nm every 2 h.  660 

B. Growth profile of Mtb H37Rv (Rv) in Middlebrook 7H9 liquid medium with10 661 

μg/mL galectin-9 (Gal9) or inactivated galectin-9 (Gal9 HK, heat killed at 95 ℃ 662 

for 5 min).  663 

C. CFU of Mtb H37Rv (Rv) on Middlebrook 7H10 solid medium with or without 10 664 
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μg/mL Galectin-9 (Gal9). Cultures were grown at 37°C for 4-8 weeks.  665 

D. Growth profile of Mycobacterium smegmatis (MS) in Middlebrook 7H9 liquid 666 

medium with different concentrations of Galectin-9 (Gal9, 0, 0.01, 0.1, 1 μg/mL). 667 

E. Concentrations of galectin-9 in sera of tuberculin skin test negative healthy donors 668 

(TST-, n = 20), tuberculin skin test positive healthy donors (TST+, n = 20) and 669 

active TB patients (Active TB, n = 40).  670 

F. Confocal microscopy of M. bovis BCG-DsRed (BCG-DsRed, red) and Galectin‐9 671 

(Anti-Gal9, green) in THP-1 cells. Nuclei was stained with DAPI (blue).  672 

G. Percent of cells with galectin-9 positive (Gal9+) BCG in total infected THP-1 cells. 673 

Symbols indicate colocalization ratio of at least 12 fields in each experiment. 674 

H. Confocal microscopy of Mtb H37Rv-GFP (Rv-GFP, green) and Galectin‐9 675 

(Anti-Gal9, red) in THP-1 cells. Nuclei were stained with DAPI (blue). 676 

I. Percent of cells with galectin9 positive (Gal9+) Mtb H37Rv in total infected THP-1 677 

cells. Symbols indicate colocalization ratio of at least 12 fields in each experiment. 678 

Data are shown as mean ± SD, n = 3 biologically independent experiments performed 679 

in triplicate (A-D). Data are representative of three independent experiments with 680 

similar results (F and H). Two-tailed unpaired Student’s t test (A-D, G, and I) or 681 

Mann-Whitney U test (E). P < 0.05 was considered statistically significant. 682 
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Figure 2. Carbohydrate recognition is essential for galectin-9-mediated inhibition 684 

of Mtb growth. 685 

A. Growth profile of Mtb H37Rv (Rv) in Middlebrook 7H9 liquid medium with or 686 

without galectin-9 (Gal9, 10 μg/mL) and lactose (10 μg/mL). 687 

B. Growth profile of Mtb H37Rv (Rv) in Middlebrook 7H9 liquid medium with or 688 

without galectin-9 (Gal9, 10 μg/mL) and D-glucose (10 μg/mL). 689 

C. Growth profile of Mtb H37Rv (Rv) in Middlebrook 7H9 liquid medium with or 690 

without galectin-9 (Gal9, 10 μg/mL) and AG (10 μg/mL). 691 

D. Growth profile of Mtb H37Rv (Rv) in Middlebrook 7H9 liquid medium with 692 

1μg/mL CRD1 or CRD2 of galectin-9. 693 

Data are shown as mean ± SD, n = 3 biologically independent experiments performed 694 

in triplicate (A-D). Two-tailed unpaired Student’s t test (A-D). P < 0.05 was 695 
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considered statistically significant.  696 
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Figure 3. Identification of anti-AG antibodies from TB patients. 697 

A. Schematic presentation of ELISA assay for detecting anti-AG IgG antibodies in the 698 

serum of TB patients. 699 

B. Linear correlation between OD and serum dilution ratio determined by ELISA 700 

assay. 701 

C. Anti-AG IgG antibodies levels in TB patients (n = 25) and healthy 702 

BCG-immunized controls (n = 17) determined via ELISA. 703 

Data are representative of three independent experiments with similar results (B). 704 

Mann-Whitney U test (C). P < 0.05 was considered statistically significant. 705 
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Figure 4. Development of anti-AG mAbs. 707 

A. Schematic presentation of mAb screening for AG specificity. 708 

B. Representative image of chip hybridization for mAb screening. Bright spots in the 709 

bottom mark the end line of each array block. Other spots represent AG binding to 710 

mAbs. CL010746 (mAb1) and CL046999 (mAb2) were labeled with red arrow and 711 

yellow arrow, respectively.  712 

C. Schematic presentation of candidate anti-AG mAbs validation by ELISA. 713 

D. Binding curve of mAb1 and mAb2 to AG determined by ELISA assay. 714 

E. Confocal microscopy of Mtb H37Rv-GFP (Rv-GFP, green) and anti-AG mAbs 715 

(red).  716 

 717 
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Figure 5. anti-AG antibody inhibits mycobacterial growth. 718 

A. Growth profile of Mtb H37Rv (Rv) in Middlebrook 7H9 liquid medium with or 719 

without mAb1/mAb2 (1 μg/mL). 720 

B. CFU of Mtb H37Rv (Rv) on Middlebrook 7H10 solid medium with or without 721 

mAb1/mAb2 (1 μg/mL). Cultures were grown at 37°C for 4-8 weeks. 722 

C. Growth profile of Mycobacterium smegmatis (MS) in Middlebrook 7H9 liquid 723 

medium with or without mAb1/mAb2 (1 μg/mL). 724 

D. CFU of Mycobacterium smegmatis (MS) on Middlebrook 7H10 solid medium with 725 

or without mAb1/mAb2 (1 μg/mL). Cultures were grown at 37°C for 5-10 days. 726 
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Data are shown as mean ± SD, n = 3 (A, C) and n = 2 biologically independent 727 

experiments performed in triplicate (B, D). Two-tailed unpaired Student’s t test (A-D). 728 

P < 0.05 was considered statistically significant. 729 
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Figure 6. Proteomics profiling of the response of Mtb to anti-AG antibody. 731 

A. GO class of differentially expressed proteins in Mtb H37Rv treated with mAb1 732 

(1 μg/mL) for 30 h followed by proteomics analysis. IgG was set as control. 733 

B. Functional enrichment of differentially expressed proteins in Mtb H37Rv in (A). 734 

C. Protein domain of differentially expressed proteins in Mtb H37Rv in (A). 735 

D. KEGG class of differentially expressed proteins in Mtb H37Rv in (A). 736 

E. Upregulation or downregulation genes in Mtb H37Rv in (A).  737 
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 738 

Figure 7. Mtb cell wall modulation by anti-AG antibodies. 739 

A. Morphologic characteristics for Mtb H37Rv strain grown in liquid culture with or 740 

without anti-AG mAbs (1 μg/mL) observed by × 2 magnifier. 741 

B. Bacterial shape of Mtb H37Rv strain treated as in (A) observed by acid fast 742 

staining under a Leica DM2500 microscope using the 100× oil microscopy. EMB, 743 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.05.561003doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.05.561003
http://creativecommons.org/licenses/by/4.0/


Ethambutol. Scale bar, 20μm. 744 

C. Ultrastructural morphology of Mtb H37Rv treated as in (A) analyzed by 745 

transmission electron microscopy (TEM).  746 

D. Schematic presentation of Mtb growth arrest by Galectin-9 or anti-AG antibodies. 747 

Data are representative of three independent experiments with similar results (A, B 748 

and C, left panel). Data are means ± SD of five bacteria, representatives of three 749 

independent experiments (C, right panel). Two-tailed unpaired Student’s t test (C, 750 

right panel). P < 0.05 was considered statistically significant. 751 
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