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ABSTRACT 28 

Suppressor of cytokine signaling 1 (SOCS1) is a negative regulator of JAK/STAT signaling 29 

and is induced by mycobacterial infection. To understand the major function of SOCS1 during 30 

infection, we established a novel system in which recombinant Bacillus Calmette-Guérin 31 

expressed dominant-negative SOCS1 (rBCG-SOCS1DN) because it would not affect the 32 

function of SOCS1 in uninfected cells. When C57BL/6 mice and Rag1
-/-

mice were 33 

intratracheally inoculated with rBCG-SOCS1DN, the amount of rBCG-SOCS1DN in the 34 

lungs was significantly reduced compared to the amounts in the lungs of mice inoculated with 35 

a vector control counterpart and wild-type BCG. However, these significant differences were 36 

not observed in Nos2
-/-

 mice and Rag1
-/-

Nos2
-/-

double-knockout mice. These findings 37 

demonstrated that SOCS1 inhibits NO production to establish mycobacterial infection and the 38 

rBCG-SOCS1DN has the potential to be a powerful tool for studying the primary function of 39 

SOCS1 in mycobacterial infection. 40 
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INTRODUCTION 41 

Suppressor of cytokine signaling 1 (SOCS1) is a negative regulator of JAK/STAT signaling. 42 

Although SOCS1 expression should be tightly regulated to avoid cytokine dysregulation 43 

while maintaining effective control of pathogens, SOCS1 is highly upregulated by infection 44 

with several pathogens. SOCS1 is thought to contribute to pathogen escape from the host 45 

protective cytokine production response (1-5) in Mycobacterium species including not only 46 

virulent strains but also the avirulent strain Mycobacterium bovis Bacillus Calmette Guérin 47 

(BCG) that induces SOCS1 expression (6-8). However, SOCS1 function in mycobacterial 48 

infection is still unclear. Because the SOCS1-deficient mice are normal at birth but exhibit 49 

growth inhibition and die within 3 weeks after birth, it is difficult to study for primary 50 

function of SOCS1 (9, 10). In previous studies, SOCS1 silencing was shown to improve 51 

mycobacterial clearance in host cells (11), and examination of tissue-specific 52 

SOCS1-deficient mice indicated that Mycobacterium tuberculosis (Mtb) control in 53 

macrophages was improved (6). However, the function of SOCS1 in Mtb-uninfected cells is 54 

not shown in SOCS1-deficient animals using genetic modification. To overcome this issue, 55 

we established a new recombinant BCG (rBCG) that expresses a SOCS1 antagonist 56 

(rBCG-SOCS1DN). We previously reported that a mutation of SOCS1 (F59D) in a kinase 57 

inhibitory region strongly enhanced cytokine-dependent JAK/STAT activation both in vivo 58 

and in vitro (12). SOCS1 expression, which is induced by rBCG-SOCS1DN infection, is 59 

inhibited by the SOCS1DN protein, without affecting SOCS1 levels in uninfected cells. 60 

Therefore, the primary function of SOCS1 could be elucidated. 61 
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Nitric oxide (NO) is an important antimicrobial effector in infections with intracellular 62 

pathogens. NO is required for host immunity against intracellular pathogens and has direct 63 

antimicrobial toxicity (13). JAK/STAT signaling initiates NO production by transcriptional 64 

and post-transcriptional mechanisms that enhance expression of inducible nitric oxide 65 

synthase (iNOS, also known as NOS2) (14). NO also plays an essential role in killing Mtb, as 66 

shown in previous studies using NOS2
-/-

 mice in which infection with Mtb was associated 67 

with significantly higher susceptibility than was infection in wild-type C57BL/6 mice (15, 16). 68 

However, the relationship between NOS2 and SOCS1 in mycobacterial infection is not fully 69 

understood. 70 

Here, rBCG-SOCS1DN was more easily controlled during infection, showing no more 71 

activation of adaptive immunity than that with a vector control (rBCG-pSO). When NOS2
-/-

 72 

mice were used, however, this difference disappeared, thereby indicating that SOCS1 induction 73 

by BCG infection contributed to evasion from the host innate immune system by inducing a 74 

remarkable microbicidal mechanism that functions by NO production. This is the first report 75 

that rBCG-SOCS1DN, which acts as a modulator of the host immune system, could be a new 76 

powerful tool for the study of host factors in infectious disease.77 
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RESULTS 78 

Recombinant BCG expressing SOCS1DN 79 

To examine protein expression in SOCS1DN, we processed a cell lysate from rBCGs. 80 

Western blot analysis showed that SOCS1DN and the HA-tag were present only in 81 

rBCG-SOCS1DN (Fig. 1A). Growth curves were obtained by periodically determining CFU, 82 

and there was no significant difference between rBCG-pSO and rBCG-SOCS1DN (Fig. 1B). 83 

To confirm that induction of SOCS1 expression can be caused by rBCGs, as was previously 84 

reported, J774.1 cells were infected with rBCG-SOCS1DN or rBCG-pSO. SOCS1 gene 85 

expression with rBCGs was significantly higher at 6 h post infection than that in uninfected 86 

cells (Fig. 1C). To estimate the effects of SOCS1DN on JAK/STAT signaling, we obtained 87 

lysates of rBCG-infected cells. Higher STAT1 phosphorylation levels were found in 88 

rBCG-SOCS1DN-infected cells than in rBCG-pSO-infected cells (Fig. 1D). Thus, the growth 89 

of rBCG was not affected by SOCS1DN transformation, and the effect of SOCS1 induced by 90 

BCG infection was inhibited by the SOCS1DN protein, which was expressed as a secreted 91 

protein by rBCG-SOCS1DN (Fig. S1). 92 

93 

Analysis of the viability of rBCG in infected 94 

To examine the function of SOCS1 for BCG growth in vivo, C57BL/6 and RAG1
-/-

 mice were95 

intratracheally inoculated with BCG Tokyo, rBCG-pSO, or rBCG-SOCS1DN. The number of 96 

CFUs of all mycobacteria strains gradually decreased in C57BL/6 mice. At 28 days after 97 

infection, the number of rBCG-SOCS1DN was significantly smaller than the number of other 98 
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BCGs (Fig. 2A). Interestingly, a significant reduction of bacterial CFUs in lung was also 99 

observed in RAG1
-/-

 mice throughout the observation period, even though there was no100 

reduction in the numbers of CFUs of BCG Tokyo and rBCG-pSO in RAG1
-/-

 mice (Fig. 2B).101 

Histopathological analysis of the lung showed that infiltration of immune cells of both 102 

rBCG-SOCS1DN and rBCG-pSO was increased at each time point. At 14 days after 103 

inoculation, inflammation of lung inoculated with rBCG-SOCS1DN had subsided compared 104 

to rBCG-pSO infection (Fig. 2C). Because rBCG-pSO was not significantly different from 105 

BCG Tokyo, it was used as a control strain for further experiments. 106 

To explore the key factor contributing to the difference between rBCG-SOCS1DN infection 107 

and rBCG-pSO infection, we examined the cytokine and chemokine profiles in BALF. In 108 

RAG1
-/-

 and C57BL/6 mice, various cytokines and chemokines were secreted in BALF,109 

However, there was no significant difference between these rBCGs (Fig. 3A, B). Lungs from 110 

rBCG-infected mice were harvested and homogenates were also assayed, but there was no 111 

significant difference (Fig. S2). The rBCG-SOCS1DN was controlled even in RAG1
-/-

 mice,112 

which cannot produce mature T cells or B cells (Fig. 2A), and the function of SOCS1 is 113 

inhibited in infected cells by the molecule of SOCS1DN (Fig. 1D). Because these data 114 

showed that SOCS1DN lead to inhibition of immune responses under the condition of no 115 

adaptive immune responses, we focused to dendritic cells which are mycobacterial target cells 116 

and have only bacteriostatic ability in nature (17). 117 

118 

rBCG-SOCS1DN-infected BMmDCs show reduced cell damage 119 
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To examine the viability of rBCGs in infected cells, BMmDCs were infected with 120 

rBCG-SOCS1DN or rBCG-pSO. Similar to the results obtained from the in vivo assay, the 121 

number of rBCG-SOCS1DN CFU was significantly reduced compared to that of rBCG-pSO 122 

(Fig. 4A). BMmDCs infected with rBCGs were also tested for acid-fast staining, and the total 123 

numbers of bacteria were determined for each cell preparation. At 1 day and 3 days after 124 

infection, no difference between rBCGs was observed. However, the bacterial numbers of 125 

rBCG-SOCS1DN were less than those of rBCG-pSO at 7 days post infection, especially in 126 

cells infected with over 11 bacilli (Fig. 4B). To better understand the causative factors for this 127 

difference, BMmDCs infected with rBCGs were subjected to TEM analysis. At 3 days after 128 

infection, rBCG-SOCS1DN-infected BMmDCs were observed to have a higher density of 129 

cytoplasm and dendrites than that in rBCG-pSO-infected cells (Fig. 4C). To confirm the 130 

difference in cell viability, rBCG-infected cells were visualized by dead cell staining reagents 131 

and examined by microscopy or flow cytometry. In agreement with the results of TEM 132 

analysis, a larger number of dead cells was detected in rBCG-pSO-infected cells than in 133 

rBCG-SOCS1DN-infected cells by using Trypan Blue staining and a SYTOX AADvanced 134 

dead cell staining kit (Fig. 4D and E). FACS analysis showed a rightward shift of weak 135 

signal-positive cells, indicating increased membrane permeability, in rBCG-pSO-infected 136 

cells (Fig. 4E). In addition, greater LDH release, indicating rupture of the cell membrane as a 137 

result of necrosis, was detected in rBCG-pSO-infected cells than in 138 

rBCG-SOCS1DN-infected cells at 7 days after infection (Fig. 4F). These results suggested 139 

that induction of SOCS1 via BCG infection affects the viability of infected cells. 140 



9 

 

 141 

BCG infection inhibits the production of NO in BMmDCs  142 

The supernatant of BMmDCs infected with rBCGs was analyzed for its cytokine and 143 

chemokine profiles, but no significant difference was found between rBCG-pSO and 144 

rBCG-SOCS1DN (Fig. 5A). Although the level of IL-10 expression was decreased in 145 

rBCG-SOCS1DN-infected cells, mRNA expression levels were not changed and 146 

downregulation of STAT3 phosphorylation was not observed (Fig. S3, S4). Since activated 147 

DCs have enhanced anti-bacterial capacities, including generation of reactive NO through 148 

NOS2 upregulation (13, 14, 18), we next focused on NO responses in rBCG-infected 149 

BMmDCs. In contrast to other analytes, NO release from and NOS2 gene expression in 150 

rBCG-SOCS1DN-infected cells were significantly greater than no release from and NOS2 151 

gene expression in rBCG-pSO-infected cells (Fig. 5B, C). These results suggest that NO 152 

production via upregulation of NOS2 was inhibited by BCG infection and that this inhibitory 153 

effect was modulated by SOCS1 upregulation.  154 

 155 

Analysis of SOCS1 function in RAG1
-/-

NOS2
-/- 

(DKO) mice 156 

To determine whether the modulation of NO production by SOCS1 is an important factor for 157 

BCG infection, we generated RAG1
-/-

NOS2
-/-

 (DKO) mice, and the mice were intratracheally 158 

inoculated with rBCGs. At 14 days after infection, the number of CFU of rBCG-SOCS1DN 159 

was smaller than that for control BCGs in C57BL/6 mice, whereas a significant difference was 160 

not observed for NOS2
-/-

 mice. The number of CFU for rBCG-SOCS1DN was also 161 
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significantly reduced in RAG1
-/-

 mice compared to that for control BCG, while there was no 162 

significant difference between the number of CFU of rBCG-SOCS1DN and that of control 163 

BCG in DKO mice. However, these responses become more apparent at 28 days after infection 164 

(Fig. 6A). Taken together, these results revealed that SOCS1 regulated innate immune 165 

responses by suppressing NO production during the early phase of BCG infection. 166 

 167 

NO function for BCG infection 168 

To determine whether BCG inhibits NO production to promote survival of infected cells, 169 

BMmDCs were generated from NOS2
-/-

 mice and co-cultured with rBCGs. Consistent with 170 

the results of the in vivo experiment, rBCG-SOCS1DN easily survived in NOS2
-/-

 BMmDCs, 171 

and the significant difference in bacterial burden observed in NOS2
+/+

 (C57BL/6) BMmDCs 172 

disappeared in NOS2
-/-

 BMmDCs at 7 days after infection (Fig. 7A). The growth of rBCGs 173 

was inhibited in a NO donor supplied condition (Fig. S5). Although the colonies of 174 

rBCG-SOCS1DN from NOS2
+/+

 BMmDCs were very small compared to those of rBCG-pSO, 175 

the colonies of rBCG-SOCS1DN from NOS2
-/-

 BMmDCs seemed to be similar to those of 176 

rBCG-pSO (Fig. 7B). These findings demonstrated that BCG infection may modulate NOS2 177 

gene expression by SOCS1 induction for its survival in the first cells that BCG makes 178 

contacts with. 179 
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DISCUSSION 180 

SOCS1 has been thought to negatively regulate protective immunity, given the association 181 

between gene expression during mycobacterial infection and severity of TB disease (6, 7, 19). 182 

Since the role of SOCS1 in mycobacterial infection is not well understood, attempts have 183 

been made in some studies to elucidate its function. However, the methodology used in those 184 

studies had a major limitation: SOCS1-deficient mice exhibited growth inhibition and died 185 

within 3 weeks after birth, showing excess acceleration of immune responses (9, 10). To 186 

address this issue, we constructed rBCG-SOCS1DN, which can provide an antagonist to 187 

compete with intrinsic SOCS1 in infected cells only. It could also be applicable to C57BL/6 188 

mice, which could not be used to assess SOCS1 function because there were no methods 189 

available until now. Surprisingly, rBCG-SOCS1DN was eliminated not only in C57BL/6 mice 190 

but also in RAG1
-/-

 mice, as demonstrated in both in vivo and in vitro experiments in which191 

the essential players of adaptive immunity were shown not to be involved. Our results suggest 192 

that induction of SOCS1 by BCG infection contributes to the survival of BCG in the cells that 193 

they first make contact with. Although rBCG-SOCS1DN, which lacks an ESX-1 locus, can 194 

modulate the host JAK/STAT signal pathway (Fig. 1 and S2), the mechanism by which a 195 

secreted protein is transferred is still unclear. One possible mechanism is that other ESX genes, 196 

which can form a secretion system similar to that of ESX-1, are intact (20-22), and SOCS1DN 197 

molecules might be transferred to the cytoplasm. 198 

There are two types of antigen (Ag)-presenting cells in the lungs, macrophages and 199 

dendritic cells, and both types of cells can phagocytose mycobacteria. Additionally, 200 
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appropriate innate and adaptive immune responses against mycobacterial infection were 201 

shown to require dendritic cell activation (11, 23-25). One mechanism of innate immune 202 

defense against mycobacteria involves production of NO from the NOS2 gene (18). NO 203 

synthesis is activated by cytokines, microbial compounds, or both, and these signaling 204 

cascades are modulated by SOCS1 molecules (26). Although the NOS2 gene is known to be 205 

upregulated in response to Mtb infection, it only exerts a bacteriostatic effect (27). In fact, 206 

rBCG-SOCS1DN were controlled in bone marrow-derived macrophages similar to BMmDC 207 

(Fig. S6); however, the differences were not so drastic. This might be due to the difference 208 

between macrophages and dendritic cells in innate bactericidal capacity (17). The enhancement 209 

of NOS2 gene expression controlled by Mtb might not be enough to generate a sufficient 210 

amount of NO to kill Mtb. In our study, BMmDCs infected with rBCGs showed higher levels 211 

of NO release and NOS2 gene expression than those in naïve cells, and these changes were 212 

promoted by rBCG-SOCS1DN infection. Therefore, induction of SOCS1 by BCG infection 213 

may cause inhibition of NOS2 gene expression and subsequent NO release in the innate 214 

immune system. 215 

Cell damage caused by mycobacterial infection was reported to be biased towards necrosis, 216 

which is associated with the survival and virulence of the mycobacterial strain (28-31). In 217 

addition, NO activation contributes to the induction of apoptosis in host cells (18). In fact, 218 

rBCG-SOCS1DN has a minimal influence on host cell damage, and rBCG-SOCS1DN 219 

viability is affected by NOS2 expression and NO release levels, being consistent with our 220 

findings. 221 
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There are many known NOS2 inducers including IFN-, IFN-, TNF-, IL-12, 222 

lipoprotein of Mycobacterium tuberculosis acting via TLR-2, and bacterial DNA acting via 223 

TLR-9 (18, 32). There is still a possibility that an undetectable level of autocrine IFN- from 224 

BMmDCs can activate NOS2 expression. Moreover, innate lymphoid cells (33, 34) and NKT 225 

cells (35) could be a source of IFN- for activation of BCG-infected cells in vivo condition. 226 

However, IFN- requiring stimulation by adaptive immunity could not be a key player. Other 227 

members, such as IL-12, which would have a central role in early control of mycobacterial 228 

infection (6, 36-38), might be responsible for the NOS2 expression that is modulated by 229 

SOCS1. Thus, further study is needed to elucidate the detailed mechanism of NOS2 230 

modulation via SOCS1, which is induced by BCG infection. Furthermore, we should know 231 

that other BCG strains or other Mycobacterium species could also utilize SOCS1 as same 232 

manner. 233 

Taken together, our results demonstrate that induction of SOCS1 by BCG infection controls 234 

NO production by modulating NOS2 gene expression and contributes to BCG survival in the 235 

host cells that they first make contact with. Moreover, our results indicate the possibility that 236 

application of a microorganism as a modulator of the host immune system could be a 237 

powerful tool for revealing the specific function of that host factor in the context of the 238 

infectious disease.239 
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MATERIALS AND METHODS 240 

Mice 241 

Specific pathogen-free C57BL/6 mice were purchased from CLEA Japan (Japan). RAG1
-/-

 242 

and NOS2
-/-

 mice were purchased from Jackson Laboratory. RAG1
-/-

NOS2
-/-

 double knockout 243 

(DKO) mice were obtained by crossing RAG1
-/-

 and NOS2
-/-

 mice in our laboratory. Deletion 244 

of the rag1 and nos2 genes in all DKO mice was confirmed by PCR analysis. Genotyping was 245 

conducted using the following PCR primers: rag1 wild, 5′- GAG GTT CCG CTA CGA CTC 246 

TG -3′; rag1 mutant, 5′- TGG ATG TGG AAT GTG TGC GAG -3′; rag1 common, 5′- CCG 247 

GAC AAG TTT TTC ATC GT -3′; nos2 wild, 5′- TCA ACA TCT CCT GGT GGA AC -3′; 248 

nos2 mutant, 5′- AAT ATG CGA AGT GGA CCT CG -3′; nos2 common, 5′- ACA TGC AGA 249 

ATG AGT ACC GG -3′. All experiments were performed in accordance with the Guidelines for 250 

Animal Use and Experimentation, as set out by the National Institutes of Biomedical 251 

Innovation, Health and Nutrition. 252 

 253 

Construction of rBCG 254 

The BCG Tokyo substrain (Japan BCG Laboratory, Japan) was transformed with either the 255 

empty plasmid vector pSO246 (39) or pSO246-SOCS1DN for generation of rBCG-pSO or 256 

rBCG-SOCS1DN, respectively. The plasmid construction strategy was as follows. The 257 

HA-tagged SOCS1DN gene fragment (12) was fused with the blaF signal sequence gene of 258 

Mycobacterium fortuitum (40) and introduced downstream of the SP2 promoter (41) to 259 

generate a SOCS1DN secretion cassette. The cassette was subcloned into a KpnII site of the 260 
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pSO246 shuttle plasmid, generating pSO-SOCS1DN. rBCGs were grown in 7H9 broth (BD, 261 

USA) supplemented with albumin-dextrose-catalase enrichment (BD, USA), Tween-80, 262 

glycerol, and 50 g/mL of kanamycin. rBCG cultures were used upon reaching an OD600 263 

reading of 0.6 - 1.0. Existence of the SOCS1DN gene in the rBCG was confirmed by PCR 264 

analysis using the following PCR primers: socs1 F, 5′- ATG GTA GCA CGC AAC CAG GTG 265 

-3′; socs1 R, 5′- TCA GAT CTG GAA GGG GAA GGA -3′. 266 

 267 

In vivo rBCG infection 268 

Mice were inoculated intratracheally with 1 × 10
7
 bacilli of rBCG-SOCS1DN or rBCG-pSO 269 

in 100 L of phosphate-buffered saline (PBS) (42). rBCG cells were washed twice with PBS 270 

and then resuspended in PBS before use. rBCG-infected mice were sacrificed on days 1, 7, 14, 271 

and 28 to harvest their lungs. The lungs were homogenized in PBS containing 0.05% 272 

Tween-80. Ten-fold serial dilutions of the homogenates were plated onto 7H10 agar plates 273 

(BD, USA) supplemented with oleic acid-albumin-dextrose-catalase enrichment (BD, USA) 274 

and 50 g/mL of kanamycin. The plates were incubated at 37°C for 3 weeks. After incubation, 275 

the bacterial burden in the lungs was calculated as log10 CFU. 276 

 277 

Generation of bone marrow-derived dendritic cells 278 

Mouse bone marrow-derived dendritic cells (BMmDCs) were differentiated as described 279 

previously (43). In brief, bone marrow cells were plated at 1 × 10
6
 cells/mL in RPMI-1640 280 

(Merck, USA) supplemented with 10 ng/mL of GM-CSF (R&D, USA) in 12-well plates with 281 
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a volume of 2 mL. On days 2 and 4, the supernatant containing nonadherent cells was 282 

removed, the wells were washed gently, and fresh medium containing GM-CSF was added. 283 

On day 6, nonadherent cells were collected, centrifuged, resuspended in a fresh medium with 284 

GM-CSF, and cultured for an additional 24 h in Petri dishes. 285 

 286 

In vitro BCG co-cultures 287 

Approximately 1 × 10
6
 J774.1 cells or BMmDCs were co-cultured with rBCG at a 288 

multiplicity of infection (MOI) of 5. After 2 h incubation, the cells were washed with PBS to 289 

remove extracellular bacteria, and a fresh medium containing 50 g/mL of gentamycin was 290 

added to each well. In a 12-well plate, the infected cells were lysed with PBS containing 0.1% 291 

Triton X-100 to determine the number of CFU or with TRIzol reagent to extract RNA for 292 

quantitative real-time RT PCR. In a 24-well plate, culture supernatants were collected for the 293 

Griess assay. 294 

 295 

Multiplex cytokine analysis 296 

Bronchoalveolar lavage fluid (BALF) from rBCG-infected mice was assayed for cytokine 297 

and chemokine profiles using the Bio-Plex Pro Mouse Cytokine 23-plex assay (Bio-Rad, 298 

USA) or Immunology Multiplex Assay (Merck, USA). All assays were performed according 299 

to the manufacturer’s protocols.  300 

 301 

Griess assay 302 
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Culture supernatants from rBCG-infected cells were assayed for nitrite concentration using 303 

the Griess reagent (Promega, USA) according to manufacturer’s protocol. Briefly, 50 L of 304 

each sample was added to 96-well plates and incubated with an equal volume of sulfanilamide 305 

solution for 10 min at room temperature in the dark. After another 10-min incubation with 50 306 

L of N-1-napthylethylenediamine dihydrochloride solution, the absorbance of each sample at 307 

540 nm was measured. The concentration of nitrite was quantified by comparison to serially 308 

diluted NaNO2 as a standard using four-parameter fit regression in the SoftMax Pro ELISA 309 

analysis software (Molecular Devices, USA). 310 

 311 

Cell viability assay 312 

Culture supernatants from rBCG-infected cells were assayed for LDH release using the 313 

Cytotoxicity detection kit plus (Roche Applied Science, Switzerland) according to 314 

manufacturer’s protocol. Briefly, 100 L of each sample was added to 96 well plates and 315 

incubated with 100 mL of Reaction mixture for 10 min at room temperature in the dark. 316 

Finally, 50 mL of stop solution to the wells then the absorbance of each sample at 492 nm was 317 

measured. 318 

The BMmDC co-cultured with rBCGs were stained with SYTOX AADvance Dead cell stain 319 

kit (Thermo, USA) and analyzed with FACScanto Ⅱ flow cytometer (BD biosciences, USA). 320 

Data were analyzed by FolwJo software. 321 

 322 

Quantitative real-time RT PCR 323 
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Total RNA was isolated from rBCG-infected cells using mechanical homogenization and 324 

TRIzol reagent (In vitrogen, USA) according to the manufacturer’s instructions. RNA 325 

concentrations were measured with a Nanodrop ND 1000 (Nucliber, Spain), and then 326 

Omniscript reverse transcriptase (QIAGEN, Germany) was used for cDNA synthesis. 327 

Reactions were run on an RT-PCR system (LightCycler 480; Roche Applied Science, 328 

Switzerland). Samples were normalized to -actin and displayed as fold induction over control 329 

samples. Primers were designed using the Universal Probe Library Assay Design Center 330 

(Roche Applied Science, Switzerland), and the following primers were used: -actin left, 331 

5′-CCAACCGCGAGAAGATGA-3′; -actin right, 5′- CCA GAG GCG TAC AGG GAT AG 332 

-3′; socs1 left, 5′- GTG GTT GTG GAG GGT GAG AT -3′; socs1 right, 5′- CCT GAG AGG 333 

TGG GAT GAG G -3′; nos2 left, 5′- CTT TGC CAC GGA CGA GAC -3′; nos2 right, 5′- TCA 334 

TTG TAC TCT GAG GGC TGA C -3′. 335 

 336 

Western blotting 337 

rBCG or rBCG-infected cells were lysed with RIPA buffer (Thermo, USA) containing a 338 

protease inhibitor cocktail (Nacalai Tesque, Japan) and phosphatase inhibitor cocktail (Nacalai 339 

Tesque, Japan). They were separated on 4-20% precast polyacrylamide gels (BIO-RAD, 340 

USA) and transferred to a PVDF membrane using the trans-blot turbo system (BIO-RAD, 341 

USA). Then the membrane was incubated overnight at 4°C with the primary antibodies 342 

anti-β-actin (1:1000; sc-47778; Santa Cruz Biotechnology, USA), anti-STAT1 (1:500; sc-346; 343 

SANTA CRUZ), anti-STAT1 phospho Y701 (1:1000; ab29045; Abcam, England), 344 
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anti-HA-tag (1:1000; ab18181; Abcam, England), anti-SOCS1 (1:2000; ab9870; Abcam, 345 

England), anti-STAT3 (1:2000; 12640S; Cell Signaling Technology, USA) and anti-STAT3 346 

phospho Y705 (1:3000; 9145S, Cell Signaling Technology, USA). The membrane was then 347 

washed three times in Tris-buffered saline with 0.01% Tween-20 and incubated for 30 min 348 

with an HRP-conjugated secondary antibody (1:5000; 1706516; BIO-RAD, USA or 1:5000; 349 

AP180P; Merck, USA). Chemiluminescence was detected using Chemi-Lumi One Super 350 

(Nacalai Tesque, Japan). Band images were detected by ImageQuant LAS4000 (GE 351 

healthcare, USA) and band volumes were analyzed by ImageQuant TL software (GE 352 

healthcare, USA). 353 

 354 

Histopathological Analysis 355 

Fresh lungs were immersed in 4% buffered paraformaldehyde (PFA) overnight and then 356 

replaced in 70% ethanol before subjecting the specimen to a tissue-processing machine (Leica 357 

ASP200). The fixed specimens were automatically removed with all the water from them and 358 

replaced with paraffin wax. The paraffin-impregnated specimens were embedded in a larger 359 

block of molten paraffin (Leica EG1150H). Then the blocks were trimmed and sectioned by a 360 

microtome (Leica RM2125). Finally, the delicate sections were floated out on a water bath and 361 

picked up on a glass slide. The paraffin was dissolved from the tissue on the slide by Hemo-De 362 

(Leila) and ethanol treatment, and then the tissue was stained by hematoxylin-eosin (HE). The 363 

slides were sealed and observed under a light microscope (BX51, OLYMPUS) with appropriate 364 

magnifications. 365 
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 366 

Transmission electron microscopy (TEM) 367 

BMmDCs infected with rBCG for transmission electron microscopy were fixed for 2 h in 368 

2.5% (v/v) glutaraldehyde buffered with 0.1 M phosphate buffer, pH 7.4, at 4ºC. They were 369 

post-fixed in 1% (w/v) osmium tetroxide for 1 h. The fixed specimens were washed with cold 370 

phosphate buffer two times. The specimens were dehydrated in increasing concentrations of 371 

ethanol followed by propylene oxide for 30 minutes and embedded in Epon 812. The blocks 372 

obtained were cut using an ultramicrotome (Leica EM UC 6RT, Wetzlar, Germany) with a 373 

diamond knife (DiATOME, Biel, Switzerland). The ultra-thin sections were mounted on 374 

100-mesh copper grids and stained with uranyl acetate and lead citrate. The sections were 375 

examined at 80 kV under a transmission electron microscope (JEM-1011; JEOL Ltd., Japan). 376 

The images were processed using Gatan Microscopy Suite version 2.02.800.0. 377 

 378 

Statistical analysis 379 

Statistical analyses were performed using Prism 7 (GraphPad software). Statistical 380 

significance was assessed using the Mann-Whitney U test for two group comparisons. Three 381 

groups data were analyzed with Kruskal-Wallis One-way ANOVA followed by Dunn’s 382 

multiple comparisons test. Inherently logarithmic data from data for CFU were transformed 383 

for statistical analysis. A value of P 0.05 was considered significant. *, P 0.05; **, P 384 

0.01; ***, P 0.001; ns, not significant.385 
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FIG 1 Construction and characterization of rBCG-SOCS1DN. (A) Whole bacterial lysates of 

the rBCGs were collected to confirm SOCS1DN and HA-tag protein expression. WB analysis 

was performed for every lot of rBCG, and representative data are shown. (B) Growth curves 

of the rBCGs in vitro. One mg of log-phase bacteria (1 x 10
8
 bacilli) was collected and 

incubated with 25 ml of fresh 7H9 broth at 37C, and then 100 l was placed onto 7H10 agar 

for counting CFU every second day. Data are representative of two independent experiments. 

(C) To determine whether our new rBCG would induce SOCS1 expression in the host, J774.1 

cells were co-cultured with rBCG and RNA samples were prepared for qRT-PCR. Data are 

representative of three independent experiments. Error bars represent means  SEM from 

triplicate culture wells. Statistical significance of the difference from the PBS control was 

determined by the Mann-Whitney U test. **, p  0.01. (D) To assess the effect of SOCS1DN 

on infected cells as level of STAT1 phosphorylation, rBCG-infected J774.1 cells were lysed 

with RIPA buffer at indicated times. Representative data of three independent experiments are 

shown. Each band volumes were analyzed and phosphorylation of STAT3 is presented as the 

ratio of STAT3 phosphorylated to total STAT3. 

FIG 2 rBCG-SOCS1DN is controlled easily in vivo. (A) C57BL/6 and (B) RAG1
-/-

 mice were 

intratracheally inoculated with 10
7
 bacilli/100 l of BCG Tokyo, rBCG-SOCS1DN or 

rBCG-pSO. At 1, 7, 14 and 28 days after inoculation, lungs were harvested and CFU were 

determined. Data from two or three independent experiments were combined (n = 6-14 mice 

30 

579 
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at each time point). Error bars represent medians with inter-quartile range. Statistical 580 

significance of three groups were analyzed with Kruskal-Wallis One-way ANOVA followed 581 

by Dunn’s multiple comparisons test at each time point. **, p  0.01; ***, p  0.001. (C) At 1 582 

day and 14 days after inoculation, lung samples were also fixed for histopathological analysis 583 

and then they were stained with H&E staining. Representative images from three to five mice 584 

per each group are shown. Bar, 200 m (x40); 50 m (x200). 585 

 586 

FIG 3 Cytokine and chemokine profiles of BALF from rBCG-inoculated mice. (A) RAG1
-/-

 587 

and (B) C57BL/6 mice were intratracheally inoculated with 10
7
 bacilli/100 l of 588 

rBCG-SOCS1DN or rBCG-pSO. At 1, 7, 14 and 28 days after inoculation, BALF was 589 

harvested and cytokine/chemokine levels were determined by the Bio-Plex Pro mouse 590 

cytokine assay. Selected cytokines/chemokines in this figure include the indicated 10 targets. 591 

Data are representative of two independent experiments (n = 3 per group at each time point). 592 

Error bars represent means  SEM. Statistical significance of the difference was determined 593 

by the Mann-Whitney U test at each time point.  594 

 595 

FIG 4 rBCG-SOCS1 is eliminated by host cells and induces less cell damage. Bone 596 

marrow-derived myeloid dendritic cells (BMmDCs) were generated from RAG1
-/-

 mice and 597 

infected with rBCG-SOCS1DN or rBCG-pSO. (A) To assess viability of the rBCGs in 598 

BMmDCs, CFU were determined at 0, 1, 3, 5 and 7 days after infection. Error bars represent 599 

medians with inter-quartile range. Statistical significance of the difference was determined by 600 
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the Mann-Whitney U test at each time point. **, p  0.01. (B) To check the total bacterial 601 

number in BMmDCs, rBCG-infected cells were fixed and stained with Tb-color (Merck) 602 

according to the manufacturer’s protocol. About 100 individual cells at each time point were 603 

examined for intracellular bacteria number. Bacterial numbers were classified into four bins: 0, 604 

1-5, 6-10, and 11. Data are representative of two independent experiments. (C) At 3 days 605 

after infection, rBCG-infected BMmDCs were fixed for transmission electron microscopy. 606 

Data are representative of two independent experiments. A bar indicates 5 m or 2 m. To 607 

determine whether there was a significant difference in cell death between 608 

rBCG-SOCS1DN-infected cells and rBCG-pSO-infected cells, (D) Trypan blue staining, (E) 609 

SYTOX AADvanced staining and (F) LDH release measurement were performed at indicated 610 

time points. Data are representative of three independent experiments. Error bars represent 611 

means  SEM. Statistical significance of the difference from the PBS control was determined 612 

by the Mann-Whitney U test at each time point. **, p  0.01. 613 

 614 

FIG 5 NOS2 and NO are upregulated in rBCG-SOCS1DN-infected BMmDCs. To search for 615 

the key humoral factor from BMmDCs, supernatants from rBCG-infected cells were collected. 616 

(A) Cytokine/chemokine levels were determined by the Multiplex assay. Selected 617 

cytokine/chemokines included 10 targets as indicated in this figure. (B) NO release levels 618 

were determined by the Griess assay. (C) RNA samples from rBCG-infected BMmDCs were 619 

applied for nos2 gene real-time RT-PCR. Data are representative of two or three independent 620 

experiments. Error bars represent means  SEM. Statistical significance of the difference was 621 
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determined by the Mann-Whitney U test at each time point. **, p  0.01. 622 

623 

FIG 6 There is no difference in bacterial load between rBCG strains in NOS2
-/-

 and DKO624 

mice. To assess the association between NOS2 expression and SOCS1 induction, C57BL/6, 625 

NOS2
-/-

, RAG1
-/-

 and DKO mice were intratracheally inoculated with rBCG-SOCS1DN or626 

rBCG-pSO. (A) Lung samples were harvested at 1 day, 14 days and 28 days after inoculation 627 

and CFU were determined. Data from two or three independent experiments were combined 628 

(n = 6-19 mice at each time point). Error bars represent medians with inter-quartile range. 629 

Statistical significance of the difference was determined by the Mann-Whitney U test at each 630 

time point. *, p  0.05; **, p  0.01. 631 

632 

FIG 7 rBCG-SOCS1DN is not controlled by BMmDCs derived from NOS2
-/-

 mice. To633 

confirm that NOS2 is important to control BCG infection in the first cell the BCG makes 634 

contact with, BMmDCs were generated from NOS2
+/+

 (C57BL/6) and NOS2
-/-

 mice and635 

infected with rBCG-SOCS1DN or rBCG-pSO. (A) To assess viability of the rBCGs in 636 

BMmDCs, CFU were determined at 1 day and 7 days after infection. Error bars represent 637 

medians with inter-quartile range. Statistical significance of the difference was determined by 638 

the Mann-Whitney U test at each time point. **, p  0.01; ns, not significant. (B) Images of 639 

7H10 plates showing the growth of rBCGs from BMmDCs 7 days after infection. Data are 640 

representative of three independent experiments. 641 

642 
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