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SUMMARY

The importance of Th1/interferon (IFN)-g-mediated responses in mycobacterial infection has been

well established. However, little is known about B cell-mediated immunity during Mycobacterium

tuberculosis (Mtb) infection. Interleukin (IL)-10-producing B cells (B10 cells), a subset of B regulatory

cells (Bregs), are implicated in modulating the immune response. Herein, we found that B10 cells were

significantly increased in patients with tuberculosis. Furthermore, mannose-capped lipoarabino-

mannan (ManLAM), a major surface lipoglycan component from Mtb, induced a significant increase

in B10 cells, which enriched in CD5+ B1a B cells. ManLAM induced IL-10 production mainly by acti-

vating MyD88/PI3K/AKT/Ap-1 and K63-linked ubiquitination of NF-kB essential modulator/nuclear

factor kappa-light-chain-enhancer of activated B cells signaling pathways in B cells via Toll-like recep-

tor 2. IL-10 production by ManLAM-treated B cells further inhibited CD4+ Th1 polarization, leading to

increased susceptibility to mycobacterial infection compared with ManLAM-treated IL-10�/� B group.

Thus, we report a new immunoregulation mechanism in which Mtb ManLAM-induced B10 cells nega-

tively regulate host anti-TB cellular immunity.
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INTRODUCTION

Tuberculosis (TB) is the leading cause of death due to infectious diseases worldwide. In 2016, the World

Health Organization reported approximately 10.4 million new TB cases worldwide (World Health Organi-

zation, 2017). The emergence of multidrug-resistant TB and co-infection with the human immunodeficiency

virus (HIV) make TB control even more urgent. An attenuated strain vaccine of Mycobacterium bovis,

termed bacillus Calmette–Guérin (BCG), the only available used TB vaccine, still has limited protective ef-

ficacy against TB. Therefore, it is important to understand the bacterial immunoregulation mechanism and

host immune defense mechanisms against mycobacteria.

Characterization of the immune response toMycobacterium tuberculosis (Mtb) has largely focused on Th1

cell-mediated immunity, whereas B cells are often overlooked in anti-Mtb immunity. Recently, emerging

evidence suggests that B cells may orchestrate the immune response against Mtb by interacting with other

immune cells such as T cells (Achkar et al., 2015; Hoff et al., 2015; Kozakiewicz et al., 2013; Maglione et al.,

2007). Regulatory B cells (Bregs), which produce interleukin (IL)-10 or transforming growth factor b,

participate in the immunomodulation of immune responses. A subset of Bregs, IL-10-producing B cells

(B10 cells), has been shown to prevent excessive inflammatory responses in autoimmune diseases

(Mauri et al., 2012; Yang et al., 2013). B10 cells also appear to negatively regulate cellular immune re-

sponses in infectious diseases caused by intracellular pathogens, including hepatitis B virus (Das et al.,

2012), HIV-1 (Liu et al., 2014a, 2014b), and Listeria (Horikawa et al., 2013). However, the roles of B10 cell

in the immune response to Mtb remain elusive.

Mannose-capped lipoarabinomannan (ManLAM) is a major cell wall lipoglycan and an important immuno-

modulatory component of mycobacteria (Mishra et al., 2011). Bacterial ManLAM can also be secreted and

recognized by macrophages and dendritic cells (DCs) via pattern recognition receptors, including

mannose receptor (MR), Toll-like receptor 2 (TLR2), DC-specific intercellular adhesion molecule-3-grab-

bing non-integrin (DC-SIGN), CD1d, sphingosine-1-phosphate receptor 1 (S1P1), Dectin-2, and CD44,

and triggers several cell signaling pathways (Pan et al., 2014; Osanya et al., 2011; Geijtenbeek et al.,

2003; Sun et al., 2016; Richmond et al., 2012; Yonekawa et al., 2014; Zajonc et al., 2006). ManLAM inhibits
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phagosome maturation in macrophages, DC maturation, and CD4+ T cell activation (Osanya et al., 2011;

Fratti et al., 2003; Mahon et al., 2012). Anti-ManLAM antibody treatment and anti-ManLAM aptamer treat-

ment decrease bacterial loads and dissemination, prolong survival, and lead to better disease outcomes in

an animal model of TB (Pan et al., 2014; Hamasur et al., 2004).

We were interested in determining the interaction between ManLAM and B cells. In the present study, we

first reported that ManLAM induced IL-10 production by B cells (B10 cells) both in vitro and in vivo predom-

inantly through TLR2. Molecular mechanism analysis revealed that the binding of ManLAM to TLR2 acti-

vated MyD88 and its downstream AP1 and nuclear factor kappa-light-chain-enhancer of activated B cells

(NF-kB) signaling to promote IL-10 production by B cells. ManLAM-induced B10 cells hindered Th1

response compared with ManLAM-IL-10�/� B cells, facilitating mycobacterium survival. We report a new

immunoregulation mechanism in which Mtb ManLAM-induced B10 cells negatively regulate host anti-TB

cellular immunity. Our findings will help to understand the interaction between B cells and Mtb ManLAM

and highlight the ManLAM-mediated B10 cells’ immunomodulatory functions.

RESULTS

Peripheral B10 Cells Are Elevated in Patients with TB

To assess the roles of human B10 cells in TB disease, we determined the serum concentration of IL-10 and

the frequency of B10 cells in patients with active pulmonary TB. As shown in Figure 1A, the serum IL-10 con-

centrations in patients with active TB (ATB) were much higher than those in healthy donors (161.2 G 21.34

pg/mL versus 40.9 G 6.6 pg/mL). Consistent with the elevated serum IL-10 level, the percentages of

IL-10+CD19+ B cells in peripheral blood mononuclear cells from patients with TB were significantly

increased compared with those from healthy donors (4.0% G 0.3% versus 1.0% G 0.7%; Figures 1B and

1C). These results indicated that increased levels of IL-10 and B10 cells in patients with TB might be asso-

ciated with TB disease.

Because ManLAM is a virulent factor of Mtb, we determined the serumManLAM concentrations in patients

with ATB. We observed significantly higher serum levels of ManLAM in 30 patients with ATB (156.1 ng/mL,

95% confidence interval [CI] = 95.5–216.6) compared with those of 30 healthy donors (8.8 ng/mL, 95%

CI = 6.8–10.8, Figure 1D). These results indicated that Mtb ManLAM might be related to the increase in

serum IL-10 level in patients with ATB.

ManLAM Induces Murine B10 Cells In Vitro and In Vivo

To elucidate the roles of B10 cells in the immune response to Mtb, we first determined whether Mtb and

ManLAM induced IL-10 production by murine B cells in vitro. Mtb H37Rv/BCG ManLAM was purified

from the bacteria (Figures S1A and S1B). It has been reported that Mycobacteria do not have endotoxin

(Jackson, 2014) (known as lipopolysaccharide [LPS]). The ManLAM used in our experiments was not

contaminated by endotoxin because endotoxin scavenger polymyxin B-treated-ManLAM did not signifi-

cantly alter IL-10 production and the cytotoxicity against B cells compared with ManLAM treatment (Fig-

ures S1C and S1D). According to the previous report (Kishimoto, 1985), we used IL-2 to promote B cell

proliferation in our experiments. Both IL-2 and IL-4 had been used to promote B cell proliferation (Kishi-

moto, 1985; Karray et al., 1988; Wagner et al., 1998). However, IL-4 had the potential ability to negatively

control B cell differentiation (Bod et al., 2018) and could inhibit IL-10 production by B cells upon stimulation

with IL-5/mCD40L-expressing fibroblast in a STAT6-dependent manner (Taitano et al., 2018). Therefore, we

used IL-2 to promote B cell proliferation in the current study. As shown in Figure S1C, the addition of IL-2

alone did not significantly affect the IL-10 production by B cells compared with the medium control group.

Flow cytometry (FCM) analysis showed that iH37Rv, iBCG (heat-inactivated Mtb H37Rv and BCG, in which

heat-inactivated bacterial proteins were denatured [Ferrier, 2017], but bacterial glycolipids maintained ac-

tivities [Worakitkanchanakul et al., 2008]), and ManLAM purified from both Mtb H37Rv and BCG signifi-

cantly induced CD19+ B cells into B10 cells compared with the IL-2 control groups (Figures 2A, 2B, and

S1E). As shown in Figures 2B and S1E, iBCG induced more B10 cells than iBCGD2196 (a ManLAM mutant

strain of BCG that lacks the mannose cap of ManLAM) (Sun et al., 2016). These results demonstrated that

Mtb ManLAM induced B10 cells in vitro.

The IL-10 levels produced by the ManLAM-treated B cells were further measured. As shown in Figure 2C,

both ManLAM and iH37Rv significantly induced IL-10 levels approximately 6- to 7-fold higher than that of
14 iScience 11, 13–30, January 25, 2019



Figure 1. Elevated Levels of B10 Cells in Peripheral Blood of Patients with TB

(A) Elevated serum IL-10 level in patients with ATB. IL-10 was detected by ELISA. Data are represented as mean G SD.

Two-tailed, unpaired t test; ***p < 0.001.

(B and C) (B) Human B10 cells were determined by flow cytometry analysis. (C) Representative dot plots. Data are

represented as mean G SD. ***p < 0.001.

(D) SerumManLAM levels in patients with ATB and healthy donors. MR was coated on themicroplates, and then the serum

samples were added on themicroplates. After washing, the biotin-labeled single-stranded DNA aptamer T9 (400 nM) was

added to detect serumManLAM and the horseradish peroxidase-streptavidin conjugate was used for color development.

The absorbance at 450 nm was determined. Data are represented as mean G SD. ***p < 0.001.
the IL-2 control group and approximately 1- to 2-fold higher than that of the LPS-treated group. Both B10

cell numbers and IL-10 concentrations reached peak level approximately at 12 hr upon stimulation with

ManLAM, and then slowly decreased, but were still higher than those in the control group (Figures 2D

and S1F). The highest IL-10 and B10 cell levels were induced upon stimulation with 10 ng/mL ManLAM (Fig-

ures 2E and S1G). As shown in Figure 2F, the frequencies of B10 cells in CD1dhiCD5+ B and CD1dloCD5+ B

subsets were 17.1% and 12.4%, respectively, in ManLAM treatment group, which were much higher than

the B10 frequencies in CD1dhi/loCD5- B cells. Therefore, we identified ManLAM-induced B10 cells enriched

in CD5+ B1a B cells (CD1dhi/loCD5+ B cells). CD1dhiCD5+ B cell population contains several B cell subsets,

including marginal zone B cells and B1 B cells (Yanaba et al., 2008), which can be rapidly recruited into the

early adaptive immune responses in a T cell-independent manner. The function of CD1dloCD5+ B cells are

unknown, but Ding et al. reported that someCD1dloCD5+ B cells can secrete IL-10 as well (Ding et al., 2011).

In the LPS group, LPS-induced B10 cells enriched in CD1dhiCD5+ B cells (22.9%), which was consistent with

the previous report (Matsushita and Tedder. 2011).
iScience 11, 13–30, January 25, 2019 15



Figure 2. BCG/iH37Rv/ManLAM Induces B10 Cells, whereas BCGD2196 Induces Less B10 Cells In Vitro and

In Vivo

(A and B) B10 cells were detected by flow cytometry (FCM). B cells were stimulated with iH37Rv (MOI, 1:2) or Rv ManLAM

(10 ng/mL), iBCG (MOI, 1:2), iBCGD2196 (MOI, 1:2), or BCG ManLAM (10 ng/mL) for 12 hr. Data are represented as

mean G SD. ***p < 0.001, **p < 0.01.

(C) IL-10 production in culture supernatant was detected by ELISA. B cells were stimulated with Rv ManLAM, LPS

(10 mg/mL) or iH37Rv for 12 hr. Data are represented as mean G SD. **p < 0.01.

16 iScience 11, 13–30, January 25, 2019



Figure 2. Continued

(D) Time course of IL-10 production in ManLAM-treated B cells. B10 cells were detected by FCM. Data are represented as

mean G SD. ***p < 0.001, **p < 0.01.

(E) IL-10 production by B cells stimulated with various concentrations of ManLAM for 12 hr. Data are represented as

mean G SD. ***p < 0.001, *p < 0.05.

(F) B10 cells enriched in CD5+ B1a B cells (CD1dhi/loCD5+ B cells) upon Rv ManLAM stimulation for 12 hr.

(G and H) B cells produced IL-10 upon stimulation with iH37Rv/iBCG/iBCGD2196/ManLAM in vivo. WT (C57BL/6J) mice

were injected (intraperitoneally [i.p.]) with iH37Rv/iBCG/iBCGD2196 (108 CFU/100 mL/mouse) or ManLAM

(100 ng/100 mL/mouse), and each group had six mice; B10 cells were analyzed by FCM. Data are represented as mean G

SD. ***p < 0.001, **p < 0.01.

(I) WT mice were infected (i.p.) with BCG/BCGD2196 (6 mice/group). Left panel: schematic diagram. Right panel:

splenocytes were collected at day 20 post-infection. B10 cells were determined by FCM. Data are represented as meanG

SD. *p < 0.05.

(A–E) B cells were cultured in medium containing IL-2.

See also Figure S1.
ManLAM-induced B10 cells were then detected in vivo. Mice were intraperitoneally injected with purified

ManLAM (fromMtb H37Rv/BCG), iH37Rv/iBCG/iBCGD2196, at days 1 and 7. After the second injection, we

observed increased B10 cells in peripheral blood, spleens, and lymph nodes from themice subjected to the

ManLAM, iH37Rv, and iBCG treatment, respectively (Figures 2G, 2H, S1H, and S1I), whereas iBCGD2196

induced less B10 cells than BCG (Figure 2H). The B10 cell percentage was also significantly higher in the

live BCG infection group compared with the PBS and live BCGD2196 infection groups (Figures 2I and

S1J). These results indicated that B10 cells were induced by Mtb andManLAM both in vitro and in vivo (Fig-

ures 2A–2I and S1C–S1J).

ManLAM Induces IL-10 Production by B Cells Mainly via TLR2

It has been reported that ManLAM can be recognized by TLR2 andMR (Pan et al., 2014; Osanya et al., 2011).

Both TLR2 and MR signals are involved in IL-10 production by macrophages and monocytes during Mtb

infection (Sun et al., 2016; Wang et al., 2012). Therefore, we investigated whether TLR2 and MR were

involved in ManLAM-induced IL-10 production in B cells.

In the pull-down and immunoblotting assay, both TLR2 andMRwere identified asManLAM-associated pro-

teins from wild-type (WT) B cells (Figure 3A). ManLAM lost the ability to bind to TLR2 in TLR2�/� B cells and

showed decreased binding to MR in MR-short hairpin RNA (shRNA)-treated B cells (Figures 3A, S2A, and

S2B), which further supported the binding of ManLAM to both TLR2 and MR. In the competition assay, the

binding of TLR2 to ManLAM was not inhibited by a soluble MR competitor, and soluble TLR2 competitor

did not inhibit MR binding to ManLAM (Figure S2C). This finding indicated that the binding sites of

ManLAM for MR and TLR2 were different.

Next, we assessed whether the binding of ManLAM to MR and TLR2 participated in IL-10 production by

B cells. As shown in Figure 3B, MR knockdown in both WT and TLR2�/� B cells had little effect on IL-10 pro-

duction compared with the scramble group after ManLAM stimulation. IL-10 production was markedly

reduced in TLR2�/� B cells, but not in TLR4�/� B cells and WT B cells after ManLAM treatment (Figure 3C).

These findings suggest that ManLAM-MR binding has only a minor effect on IL-10 production by B cells but

ManLAM-TLR2 binding is involved in IL-10 production in ManLAM-treated B cells.

We found thatManLAM induced IL-10 production by TLR2�/�B cells was significantly decreased by approx-

imately 60%–80%comparedwith theWTB cell control or TLR4�/�B cells (Figures 3C–3E). BlockingManLAM

binding to TLR2 by anti-TLR2 antibody significantly decreased IL-10 production in WT B cells (Figure S2D).

Moreover, the TLR2�/� B cells were actually capable of producing IL-10 at similar levels to WT B cells when

the cells were stimulated with LPS and anti-IgM+ CD40 (Figure S2E). There was no significant difference in

IL-10 production between TLR4�/� B and WT B cells upon ManLAM stimulation (Figures 3C–3E). These re-

sults strongly confirmed that ManLAM induced IL-10 production by B cells predominantly via TLR2.

To assess the effects of ManLAM as well as other TLR ligands on IL-10 production by B cells, ManLAM,

TLR1/2 agonist Pam3CSK4, TLR6/2 agonist FSL-1 (synthetic diacylated lipoprotein), TLR4 agonist LPS,

and TLR5 agonist FLA-ST (flagellin from Salmonella typhimurium) were used. As shown in Figure S2F,

the B10 levels were increased in the ManLAM, TLR1/2 agonist, TLR6/2 agonist, and TLR4 agonist groups,

whereas the B10 cell level did not change after treatment with TLR5 agonist. ManLAM induced IL-10
iScience 11, 13–30, January 25, 2019 17



Figure 3. ManLAM Induces IL-10 Production by B Cells Mainly via TLR2

(A) Binding of ManLAM to TLR2 and MR proteins was detected by immunoblotting. Cell lysates from WT B cells, TLR2�/�

B cells, and MR shRNA-transfected B cells were incubated with Rv ManLAM-coupled magnetic beads.

(B) IL-10 production by ManLAM-treated B cells was not mainly via MR. WT/TLR2�/� B cells were transfected with MR

shRNA for 48 hr and stimulated with ManLAM (10 ng/mL) for 12 hr. IL-10 production in cell supernatant was detected by

ELISA. Data are represented as mean G SD. ***p < 0.001; NS, not significant.

(C–E) IL-10 production byManLAM-treated B cells was dominantly via TLR2. Splenic B cells were stimulated with ManLAM

for 12 hr. (C) IL-10 in culture supernatant was detected by ELISA. (D) B10 cells were analyzed by flow cytometry. (E)

Representative dot plots. Data are represented as mean G SD. ***p < 0.001; NS, not significant.

(B–E) B cells were cultured in medium containing IL-2.

See also Figures S2 and S3.
through TLR2, but this was not specific for ManLAM. The ligands for TLR2 could also induce IL-10 produc-

tion by B cells.

TLR2 is working in heterodimers with TLR1 or TLR6. To further identify the roles of TLR2 heterodimers, we

used TLR1 and TLR6 antagonists to assess the mechanism of IL-10 production by ManLAM-treated B cells.

As shown in Figure S2G, either TLR1/2 or TLR2/6 heterodimers were involved in IL-10 production of Man-

LAM-treated B cells because ManLAM induced much lower levels of IL-10 in the presence of TLR1 or TLR6

antagonists. We used TLR1-shRNA and TLR6-shRNA to silence TLR1 and TLR6 expression on B cells (Fig-

ures S2H and S2I). Consistent with the above-mentioned results, the IL-10 production by TLR1 (or TLR6)-

silenced B cells was greatly reduced upon stimulation with ManLAM (Figure S2J). These data suggest

that ManLAM induces IL-10 production by B cells via TLR1/2 or TLR2/6 heterodimers.

It has been reported that ManLAM can be recognized by other receptors, including DC-SIGN, CD1d, S1P1,

Dectin-2, and CD44, and triggers several cell signaling pathways (Geijtenbeek et al., 2003; Sun et al., 2016;

Richmond et al., 2012; Yonekawa et al., 2014; Zajonc et al., 2006). However, DC-SIGN and Dectin-2 are
18 iScience 11, 13–30, January 25, 2019
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Figure 4. ManLAM-TLR2 Binding Stimulates IL-10 Production in B Cells by Activating MyD88/PI3K/AKT/Ap-1 and NF-kB Signaling Pathways

(A) B10 cells were analyzed by flow cytometry. WT and MyD88�/� B cells were stimulated with Rv ManLAM (10 ng/mL) for 12 hr. Data are represented as

mean G SD. ***p < 0.001.

(B) IL-10 production in ManLAM-treated B cells was inhibited by inhibitors of JNK, PI3K, MEK1, AP-1, and NF-kB. B cells were pretreated with the inhibitors

for 1 hr. The cells were stimulated with ManLAM. IL-10 production in the supernatant was determined by ELISA.

(C) PI3K, AKT, AP1, and NF-kB activation in WT B cells upon ManLAM stimulation were analyzed at multiple time points by immunoblotting. Left panel:

pooled data. Right panel: representative blots. Data are represented as mean G SD versus 0 min at indicated time. ***p < 0.001, **p < 0.01,*p < 0.05.

(D) PI3K, AKT, NF-kB, and AP1 activation were determined in WT B cells and TLR2�/� B cells (or MyD88�/� B cells) upon stimulation with ManLAM for 1 hr by

immunoblotting. Data are represented as mean G SD. ***p < 0.001, **p < 0.01, *p < 0.05; NS, not significant.

(A–D) B cells were cultured in medium containing IL-2.

See also Figure S4.
undetectable in B cells (Ariizumi et al., 2000; Soilleux et al., 2002). The binding of ManLAM to CD44 is

involved in the downregulation of IL-10 production (Sun et al., 2016). Therefore, we investigated whether

CD1d and S1P1 were involved in ManLAM-induced IL-10 production by B cells. CD1d monoclonal antibody

(mAb) blocked ManLAM-CD1d binding in a dose-dependent manner (Figures S3A). However, the addition

of CD1dmAb did not reduce IL-10 production by ManLAM-treated B cells (Figures S3B, S3C, and S3E). The

results indicated that ManLAM-CD1d binding was not involved in triggering IL-10 production by B cells.

The S1P1 inhibitor W146 slightly reduced ManLAM-induced IL-10 production by B cells (approximately

20%, Figures S3D and S3E). Taken together, our findings demonstrated that ManLAM induced IL-10 pro-

duction of B cells predominantly through TLR2.

ManLAM Induces IL-10 Production by B Cells via TLR2/MyD88/Ap-1 and K63-Linked

Ubiquitination of NEMO/NF-kB Signaling Pathways

The signaling pathways in B cells that lead to IL-10 production have thus far remained elusive (Mauri and

Bosma, 2012). We chose several key adapter proteins and transcription factors downstream of TLR2 to

explore the signaling pathway that might contribute to IL-10 production in ManLAM-treated B cells (Du

et al., 2016; Gaddis et al., 2013; Hu et al., 2006; Liu et al., 2014a, 2014b; Saraiva and O’Garra, 2010).

As shown in Figures 4A and S4A, IL-10 production was significantly reduced by approximately 60%–80% in

MyD88�/� B cells, demonstrating that MyD88 was involved in IL-10 production in ManLAM-treated B cells.

Specific inhibitors were applied to inhibit the activation of JNK (c-Jun N-terminal kinase), PI3K (phosphoi-

nositide-3 kinase), MEK1 (mitogen-activated extracellular signal-regulated kinase 1), NF-kB, and AP1 (acti-

vator protein 1) in ManLAM-treated B cells. As shown in Figures 4B, S4B, and S4C, ManLAM-induced IL-10

production was significantly inhibited by inhibitors of the upstream signal transducers JNK, PI3K, and

MEK1, as well as AP-1 and NF-kB. The two most potent inhibitors were PI3K (half maximal inhibitory con-

centration [IC50] = 6.029 mM) inhibitor and AP1 inhibitor (IC50 = 11.67 mM, Figures 4B, S4B, and S4C).

Immunoblotting analysis revealed that PI3K and its downstream target AKT were highly phosphorylated at

30 min after ManLAM stimulation (Figure 4C). We found that cytoplasmic AP1, a downstream effector of

PI3K/AKT, was decreased and nuclear AP1 was greatly increased 60 min after ManLAM stimulation

(Figure 4C). The peak of NF-kB activation occurred between 60 and 120min after ManLAM stimulation (Fig-

ure 4C). Both TLR2�/� B cells and MyD88�/� B cells showed a blunted increase in PI3K and AKT phosphor-

ylation, nuclear AP1, and NF-kB activation upon ManLAM stimulation (Figures 4D and S4D).

As shown in Figures S4E and S4F, we did not observeManLAM signaling and IL-10 productionwhen (1) TLR2�/�

B cells were treated with ManLAM/Pam3CSK4 and (2) WT B cells were stimulated with ManLAM/Pam3CSK4 in

the presence of MyD88 inhibitor (ST2825). Therefore ManLAM signaling occurred predominantly through the

TLR2-MyD88 pathway, and no compensatory pathway was detected. As shown in Figure S4G, knockdown of

MR inTLR2�/�Bcells had fairly limitedeffects onManLAMsignaling, further confirming thatMRhasonly aminor

effect on B10 cells. Taken together, these results suggested that ManLAM induced IL-10 production by B cells

mainly via the TLR2/MyD88/PI3K/AKT/AP-1 and NF-kB signaling pathways.

It has been reported that the Lys63 (K63)-linked ubiquitination of NF-kB essential modulator ([NEMO] also

known as IKK-g) is involved in the IKK complex recruitment for NF-kB activation, whereas Lys48 (K48)-linked

ubiquitination is associated with proteasomal degradation and inhibits NF-kB activation (Lopez-Castejon

and Edelmann, 2016). As shown in Figure 5A, K63 polyubiquitylation, but not K48 polyubiquitylation, of

NEMO was observed in ManLAM-treated B cells.
20 iScience 11, 13–30, January 25, 2019



Figure 5. K63-Linked Ubiquitination of NEMO and USP40 Are Involved in TLR2-Dependent IL-10 Production in

ManLAM-Treated B Cells

(A) ManLAM induces K63-linked ubiquitination of NEMO in B cells. B cells were transfected with the plasmids encoding

NEMO, wild-type (WT) ubiquitin (H-Ub), ubiquitin mutant H-Ub (K48), and H-Ub (K63). After stimulation with Rv ManLAM,

the supernatant from cell lysates was subjected to immunoprecipitation and immunoblotting (upper panel). The

expression levels of NEMO were examined by immunoblotting (lower panel).

(B) The mRNA expression levels of NF-kB signal and ubiquitination-related proteins in ManLAM-treated CD1dhiCD5+

B cells were determined by transcriptome analysis. Left panel: differentially expressed mRNAs were presented as a

heatmap. The threshold established for upregulated and downregulated genes was a log2 fold change R 1.0. Red,

upregulation; green, downregulation. Right panel: mRNA expression levels. FPKM (fragments per kilobase million) value

indicated the relative expression of genes.

(C and D) ManLAM induces B10 cells via TLR2 and USP40. B cells were transfected with USP40-shRNA and stimulated with

ManLAM. (C) B10 cells and (D) IL-10 production were detected by flow cytometry and ELISA. Data are represented as

mean G SD. ***p < 0.001, **p < 0.01, *p < 0.05; NS, not significant.

(A–D), B cells were cultured in medium containing IL-2.

See also Figure S5.
Because the highest frequency of ManLAM-induced B10 cells was found in CD1dhiCD5+ B subset, we

sorted CD1dhiCD5+ B cells from the spleens of both WT and TLR2�/� mice and analyzed global gene

expression changes by RNA sequencing after ManLAM treatment (Figures 5B, S5A, and S5B). The gene

ontology analysis (Figure S5A) identified differentially expressed genes involved including 24 biological

processes, 15 cellular components, and 10 molecular functions (false discovery rate, FDR % 0.01) in the

WT group compared with the TLR2�/� group. Also, biological processes include the response to stimulus

and immune system process (Figure S5A). Chemokine signaling pathway and NF-kB signaling pathway
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Figure 6. ManLAM-Induced B10 Cells Inhibit Th1 Polarization, Promote Th2 Polarization, and Have No Effect on

Th17 In Vitro

Splenic B cells were isolated from WT/IL-10�/� mice and stimulated with Rv ManLAM (10 ng/mL) for 12 hr. Then ManLAM

was removed by washing. CD4+ T cells were stimulated with plate-coated anti-CD3 antibody (5 mg/mL) and soluble

anti-CD28 antibody (2 mg/mL) and then cultured with the ManLAM-treated B cells for 72 hr.

(A) Schematic diagram.

(B–D) (B) IFN-g, (C) IL-4, and (D) IL-17A production by CD4+ T cells were analyzed by flow cytometry. (B–D) The cells were

cultured in medium containing IL-2. Data are represented as mean G SD. ***p < 0.001, *p < 0.05.

See also Figure S6.
were enriched in Kyoto Encyclopedia of Genes and Genomes pathway (FDR% 0.01, Figure S5B). From the

above-mentioned analysis, we found that ManLAM-TLR2 interaction markedly caused the changes of che-

mokine and NF-kB pathway in CD1dhiCD5+ B cells.

The results of hierarchical cluster analysis of gene expression patterns showed that that the mRNA expres-

sion of USP40 was upregulated in ManLAM-treated WT CD1dhiCD5+ B cells than the unstimulated control

(Figure 5B). USP40 is a member of the ubiquitin proteasome system. The system is responsible for protein

ubiquitination and proteasomal degradation. Our results from quantitative reverse-transcriptase PCR and

immunoblotting analysis further confirmed that the mRNA and protein expression levels of USP40 were

also greatly upregulated in the WT B cells compared with the TLR2�/� B cell groups when these cells

were stimulated with ManLAM/Pam3CSK4 (Figure S5C). We constructed USP40-shRNA to silence

the USP40 expression in B cells (Figures S5D and S5E). Knockdown of USP40 significantly decreased

ManLAM/Pam3CSK4-induced IL-10 production byWT B cells, whereas IL-10 production by USP40-silenced

TLR2�/� B cells was not reduced compared with scramble RNA-treated TLR2�/� B cells upon stimulation

with ManLAM (Figures 5C, 5D, and S5F). Our data suggest that ManLAM induces IL-10 production in B cells

via TLR2 and USP40. ManLAM-TLR2 induces USP40 increase, which positively regulated the IL-10 produc-

tion in B cells (Figures 5B–5D and S5C–S5F).
ManLAM-Induced B10 Cells Inhibit Th1 Polarization, Promote Th2 Polarization, and Have No

Effect on Th17 Cells In Vitro and In Vivo

Next, we investigated the effects of ManLAM-induced B10 cells on CD4+ T cell polarization. CD4+ T cells

were co-cultured with ManLAM-treated WT/IL-10�/� B cells. The production of interferon (IFN)-g, IL-4, and

IL-17A of CD4+ T cells was then determined (Figure 6A). Compared with the ManLAM-treated IL-10�/�

B cells group, IFN-g-producing CD4+ T cells were significantly decreased when the cells were co-cultured
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Figure 7. ManLAM-Induced B10 Cells Inhibit Th1 Polarization, Promote Th2 Polarization, and Have No Effect on

Th17 In Vivo

(A–C) ManLAM-treated WT/IL-10�/� B cells were adoptively transferred into mMTmice. The mice were primed by iH37Rv.

(A) Schematic diagram. (B) IFN-g, IL-4, and IL-17A production by splenic CD4+ T cells were determined by flow cytometry.

Data were shown as means G SD (n = 6). ***p < 0.001, **p < 0.01; NS, not significant. (C) Representative dot plots.
with ManLAM-treated WT B cells, whereas IL-4-producing CD4+ T cells were markedly increased in the

ManLAM-treated WT B cell group (Figures 6B, 6C, S6A, and S6B). There were no significant differences

in IL-17A-producing CD4+ T cells among the groups (Figures 6D and S6C). Similar results were obtained

in transwell assays (Figures 6B–6D and S6A–S6C). The upper chambers in transwell plates with a pore

size of 0.4 mm prevented direct cell-cell contact but allowed the exchange of soluble factors (Noack

et al., 2016). These results indicate that IL-10 secreted by ManLAM-treated B cells inhibits Th1 polarization,

but promotes Th2 polarization, and has no effect on Th17 cells in vitro.

To assess the regulation of CD4+ T cell polarization in vivo by ManLAM-induced B10 cells, we used the

iH37Rv-primed mouse model. ManLAM-treated WT or IL-10�/� B cells were adoptively transferred into

B cell-deficient mMT mice. The recipient mice were primed with iH37Rv. The polarization of splenic

CD4+ T cells was evaluated after 7 days of adoptive transfer (Figure 7A). Consistent with the in vitro results,

the transferred ManLAM-treated WT B cells induced a significant decrease in splenic IFN-g-producing

CD4+ T cells, but an increase in IL-4-producing CD4+ T cells compared with the ManLAM-treated

IL-10�/� B cell group (Figures 7B and 7C). Adoptive transfer of ManLAM-treated WT B cells did not change

the percentage of IL-17A-producing CD4+ T cells (Figures 7B and 7C). These findings strongly suggest that

ManLAM-induced B10 cells inhibit Th1 polarization, promote Th2 polarization, and have no effect on Th17

cells in vitro and in vivo.
ManLAM-Induced B10 Cells Increase Susceptibility to Mtb Infection in Mice

Next we used WT BCG infection model to explore the role of ManLAM-induced B10. Rag2�/� mice

were adoptively transferred with ManLAM-treated WT/IL-10�/� B cells plus CD4+ T cells and infected
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Figure 8. ManLAM-Induced B10 Cells Increase Susceptibility to Mtb Infection in Mice

ManLAM-treated WT/IL-10�/� B cells were adoptively transferred into Rag2�/� mice. The mice were infected with BCG.

(A) Schematic diagram.

(B) After 20 days of infection, serum IL-10 level was determined by ELISA. Data are represented as mean G SD. ***p < 0.001, **p < 0.01.

(C–G) Splenic B10 cells and cytokines produced by splenic CD4+ T cells were determined by flow cytometry. (C) B10 cells; (D) IFN-g, (E) IL-4, (F) IL-17A, and

(G) IL-10 production by CD4+ T cells. Data are represented as mean G SD. ***p < 0.001, **p < 0.01.

(H) CFU assay in spleens. Data are represented as mean G SD. ***p < 0.001, **p < 0.01.

See also Figures S7 and S8.
(intravenously [i.v.]) with BCG (Figure 8A). Usually a low-dose aerosol of Mtb (approximately 50–100 colony-

forming unit [CFU] in mice) causes chronic infection (Upton et al., 2015), whereas a high dose (>102 CFU,

aerosol/i.v.) causes acute infection (Mayer-Barber et al., 2014; Aggarwal et al., 2017; Das et al., 2013).

Because mice that inhaled 1 3 102–13104 or i.v. administered 1 3 105–2 3 106 CFU of Mtb (Mtb H37Rv,

H37Ra, or BCG) showed similar pathological changes in acute infection model (Mayer-Barber et al.,

2014; Aggarwal et al., 2017; Das et al., 2013; Stüve et al., 2018), 1 3 105 CFU of Mtb/mouse (i.v. infection)

was used in our mouse model. After 20 days of infection, transferred CD19+ B cells and CD3+CD4+ T cells

were observed in the Rag2�/� mice (Figure S7A). Serum IL-10 and B10 cells were increased in the mice

transferred with ManLAM-treated WT B cells compared with other groups (Figures 8B, 8C, and S7B). These

results demonstrated that ManLAM-treated B cells secreted IL-10 and contributed to increased serum

levels of IL-10.

Consistent with the above-mentioned results, transfer of ManLAM-treated WT B cells reduced IFN-g

production, but promoted IL-4 production by splenic CD4+ T cells compared with the WT B cell group

and ManLAM-treated IL-10�/� B cell group, whereas IL-17A production by CD4+ T cells did not significantly

change among all groups during BCG infection (Figures 8D–8F and S7C). Moreover, the increased level of

IL-10-producing CD4+ T cells was observed in ManLAM-treated WT B cell group (Figures 8G and S7C).
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BCG CFUs in spleens were significantly increased in the ManLAM-treated WT B group compared with

WT B cell group and ManLAM-treated IL-10�/� B cell group (Figure 8H). These results clearly demonstrated

that ManLAM-induced B10 cells increased susceptibility to BCG infection and facilitated the bacterial

survival in mice.

Finally, we assessed the roles of the ManLAM-induced B10 cells during virulent Mtb H37Rv infection.

Rag2�/� mice were adoptively transferred with ManLAM-treated WT/IL-10�/� B cells plus CD4+ T cells

and infected (i.v.) with virulent Mtb H37Rv (Figure S8A). After 20 days of infection, the level of serum

IL-10 was greatly elevated (Figure S8B), and Mtb H37Rv CFUs in both lung and spleen tissues were also

higher in the ManLAM-treated WT B group compared with the ManLAM-treated IL10�/� B group (Figures

S8C and S8D upper panel). In PBS-transferred group, Rag2�/� mice had no mature T and B cells, so the

highest Mtb H37Rv CFUs were found in this PBS group (Figures S8C and S8D upper panel). Compared

with the ManLAM-treated IL-10�/� B group, histopathological analysis of alveolar tissue from the

ManLAM-treatedWT B and PBS groups showed larger amount of lymphocyte infiltration (Figure S8D lower

panel). Histological examination of splenic tissues demonstrated that white pulp and red pulp in spleen

tissues from the ManLAM-treated WT B and PBS groups were more completely disorganized, with many

basophilic granules and necrotic cellular debris, compared with the ManLAM-treated IL-10�/� B group

(Figure S8D lower panel). These findings confirmed that ManLAM-induced B10 cells facilitated mycobac-

terial survival in the mice.
DISCUSSION

Some evidence has shown that B cells favor anti-TB immunity and prolong mouse survival (Kozakiewicz

et al., 2013; Maglione et al., 2007). Distinct B cell subsets might play different roles in anti-TB immunity.

B10 cells, a subtype of Bregs, have been rarely reported in Mtb infection. It has been reported that

TLR2/TLR4 ligands from Freund’s adjuvant induce B10 cells (Lampropoulou et al., 2008). Freund’s adjuvant

from BCG components may contain ManLAM. We demonstrated that ManLAM and Mtb themselves

induced B10 cells in a TLR2/MyD88-dependent manner, which was consistent with the previous study

(Lampropoulou et al., 2008).

ManLAM has been reported to be released from the metabolically active or degrading bacterial cells and

shed into body fluid (like sputum, blood, or urine) during TB infection, which appears to be present only in

people with ATB disease (Paris et al., 2017). Based on this character, ManLAM has been used as a target for

TB diagnosis (Pandie et al., 2016; Gupta-Wright et al., 2018). Therefore, we could measure serum ManLAM

concentrations in patients with ATB (Figure 1D), although the enzyme-linked oligonucleotide assay used

here could not distinguish between ManLAM and whole bacteria.

Several studies reported that IL-10 was also produced by human CD4+ T cells, DCs, and macrophages in

patients with ATB (Kumar et al., 2015; Redford et al., 2011). In mouse TB models, IL-10 production was

mainly from monocytes in the mouse lung after Mtb infection (Moreira-Teixeira et al., 2017). A small pro-

portion cells (30%–50% in total IL-10+ cells), including DCs, macrophages, T cells, and B cells, produced

IL-10 (Moreira-Teixeira et al., 2017). Here, we identified that increased B10 cells played an important role

during Mtb infection by hindering Th1 immunity. A comparison of the functions among various types of

IL-10+ cells in TB infection models may need to be further investigated.

The frequencies of various types of IL-10+ cells change dynamically during Mtb infection. Previous studies

from our group and those of others have shown about 5%–40% IL-10+ DCs (in total DCs) and 10%–30%

IL-10+ macrophages (in total macrophages) induced by Mtb in mice (Moreira-Teixeira et al., 2017; Sun

et al., 2016). Here, we measured about 4.0% G 0.3% B10 cells in patients with ATB and 6%–8% B10 in

Mtb infected mice (Figures 1C and 2G–2I). It has been reported that the peak level of proportion of

IL-10+ DCs/macrophages reached within 28 days of Mtb infection and then gradually decreased (Mor-

eira-Teixeira et al., 2017). The proportion of B10 cells was about 10% at day 7 post-infection, sharply

decreased at day 14, and then increased 2-fold during chronic Mtb infection (days 21–57) (Moreira-Teixeira

et al., 2017). The B10 level (10%–12% in total IL-10+ cells) was similar to the level of IL-10+ DCs and macro-

phages at day 57 post-infection (Moreira-Teixeira et al., 2017). We speculate that levels of different IL-10-

producing cells might be changed with the progress of infection. The effect of in vivo B10 cell depletion in

infected WT mice will need to be detected in future studies to assess the dynamic effects of B10 and other

IL-10+ cells during Mtb infection.
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We found that IL-10 expression by B cells reached a peak at 12 hr and then decreased after ManLAM

stimulation (Figures 2D and S1F). The reasons might be the rapid induction and degradation of IL-10

mRNA in the activation of TLR2 signaling triggered by microbial molecules (Gabrysova et al., 2014; Eix-

eira-Coelho et al., 2014). We also found that IL-10 production in B cells first increased (1–10 ng/mL of

ManLAM) and then decreased as the concentrations further increased (>10 ng/mL of ManLAM) (Figures

2E and S1G). Unlike protein antigens, the structure of the aliphatic and carbohydrate chains are diverse

and complex as the concentrations of these molecules increased (Holderness et al., 2011; Jagger et al.,

2002). Therefore, the increased concentration of ManLAM would not always induce an enhancement of

cytokine production by immune cells. Moreover, ManLAM can be recognized by CD44 on the macro-

phages, which may downregulate IL-10 production (Sun et al., 2016). Whether ManLAM-CD44 interaction

in B cells and ManLAM-TLR2 interaction in macrophages have effects on IL-10 production needs to be

further investigated.

As shown in the left panel of Figure 2E, at higher concentrations of ManLAM (>10 ng/mL), the IL-10 level

tended to decrease but was still significantly higher than that in the control group. These results indicate

that a wide range of ManLAM concentrations (from 0 to 10 mg/mL) induced B cells to produce IL-10, contrib-

uting to elevate total serum IL-10 level in patients with ATB. As shown in Figure 1D, the average concen-

tration of ManLAM in 30 patients with ATB was 156.1 ng/mL (95% CI = 95.5–216.6 ng/mL). The above range

of ManLAM concentrations in patients with ATB could induce B cells to produce IL-10, which might have

biological function in patients with ATB.

As shown in Figures 2G and 2H, the percentage of splenic B10 cells from non-immunized mice (PBS group)

was approximately 2%, which was consistent with a previous report (Matsushita and Tedder, 2011). Our pre-

sent data showed that approximately 6%–8% of B10 cells were induced by immunization with ManLAM/

iH37Rv/iBCG in vivo, in which the frequency of B10 cells was similar to that in LPS-stimulated mice (Maseda

et al., 2012). To the best of our knowledge, our study is the first report to describe the numbers of B10 cells

induced by ManLAM/iH37Rv/iBCG in mice (Figures 2G and 2H).

TLR ligands binding various TLRs can induce IL-10 production by human and murine B cells (Mauri and

Bosma, 2012; Mizoguchi and Bhan, 2006). Here we reported thatManLAM induced B10 cells via TLR2-medi-

ated signaling. TLR2 has been implicated as a major signaling receptor that binds to lipoarabinomannan

(Osanya et al., 2011). MR knockdown could not cause a significant reduction of IL-10 in TLR2�/� B cells

treated with ManLAM (Figure 3B), and knockdown of MR in TLR2�/� B cells had fairly limited effects on

ManLAM signaling (Figure S4G). These results indicated that ManLAM-MR binding only had a minor effect

on triggering IL-10 production by B cells. As shown in Figures 3C–3E, recognition by TLR2 was the predom-

inant mechanism of IL-10 production by ManLAM-treated B cells.

K63-linked ubiquitination of NEMO was observed in the ManLAM-treated B cells (Figure 5A). NEMO ubiq-

uitination-mediated NF-kB activation regulates many viral and bacterial infections (Ashida et al., 2010;

Fang et al., 2017). It has been reported that Mtb PtpA, a secreted tyrosine phosphatase, directly blocks

host TAB3 from binding K63-linked ubiquitin chains, suppresses NF-kB activation, and contributes to

immune evasion (Wang et al., 2015). In the current study, we demonstrated that ManLAM-induced IL-10

production by B cells was associated with the promotion of NEMO K63 ubiquitination and NF-kB activa-

tion. Consistent with our study, other groups have also reported that ManLAM induces IL-10 and COX2

expression by activating TLR2/NF-kB signaling in macrophages and DCs (Kumar et al., 2013; Rajaram

et al., 2010; Vergne et al., 2014).

B10 cells have been implicated in the Th1 to Th2 shift during Leishmania and Salmonella typhimurium infec-

tion in mice (Neves et al., 2010; Ronet et al., 2010). It is widely accepted that the dominant protective

response in TB is a Th1-type response. Th1 cytokine IFN-g is a cytokine that plays a critical role in resistance

to Mtb infection (Fenton et al., 1997), whereas Th2 cytokine IL-4 facilitates Mtb escape (Rook et al., 2004). In

our study, the results from the mMT mice primed by iH37Rv and Rag2�/� mice infected with BCG experi-

ments showed that the IL-4 production in CD4+T cells were increased (Figures 7B, 7C, 8E, and S7C). Greatly

increased Th1 development was demonstrated in co-culture and transwell experiments using IL-10�/�

B cells in vitro (Figure 6B), and in vivo adoptive transfer experiments (Figures 7B, 7C, 8D, and S7C). These

results indicated thatManLAM hindered Th1 development/function duringMtb infection via IL-10 from B10

and possibly from Th2 cells. Consistently, Schierloh et al. reported that human B cells isolated from the
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pleural fluid of patients with TB produced IL-10 upon stimulation with g-irradiated Mt and that these B cells

diminished in vitro Mtb-induced IFN-g production by T cells and natural killer cells in an IL-10-dependent

manner (Schierloh et al., 2014).

It has been reported that IL-10 from B cells downregulates T-bet activation and IFN-g production in Th cells

(Flores-Borja et al., 2013). We also confirmed that IL-10 produced by ManLAM-treated B cells inhibited the

development of Th1 IFN-g+ CD4+ T cells, but promoted the development Th2 IL-4+CD4+T cells (Figures 7

and 8). IFN-g and IL-4 are signature cytokines for Th1 and Th2 cells, respectively, so we measured these

cytokines. The effects of ManLAM-induced B10 cells on the expression of Th1/2-related transcription fac-

tors (such as T-bet and GATA3) and other Th1-type cytokines (such as IL-12 and tumor necrosis factor-a)

need to be clarified in the future.

In the present study, we found ManLAM-TLR2 induced the IL-10 production in B cells due in part to intra-

cellular increased USP40. We found that USP40, a member of the ubiquitin proteasome system, was

involved in the upregulation of IL-10 production by ManLAM-treated B cells (Figures 5B–5D and S5C–

S5F). However, molecular interactions with USP40, and the process of USP40-mediated upregulation of

IL-10 production in ManLAM-treated B cells, require elucidation in further studies. Second, several studies

have reported that NF-kB is an important mediator involved in the production of both anti- and pro-inflam-

matory cytokines in B cells (Lee et al., 2017; Walsh et al., 2015). Our study showed that ManLAM activated

NF-kB pathway and induced anti-inflammatory cytokine IL-10 in B cells. These indicate that other inflam-

matory cytokines might be induced by ManLAM-treated B cells via NF-kB signaling.

Recently, Bénard et al. reported that type I IFN produced byMtb-stimulated B cells favors macrophage po-

larization toward a regulatory/anti-inflammatory phenotype during Mtb infection (Bénard et al., 2018). In

addition, they also found a modest increase of IL-10 mRNA in B cells isolated from the lungs of Mtb-in-

fected WT mice, which is consistent with our results. In our current study, we demonstrate that ManLAM

induces IL-10 production of B cells, which hinders the Th1 response. We hypothesize that Mtb may nega-

tively regulate immune response via B10 cells. Whether the B10 cells induced by ManLAM are polyfunc-

tional for the production of type I IFN should be investigated in the future.

B cells are the dominant antigen-presenting cells that activate naive CD4+ T cells upon immunization with a

viral antigen (Hong et al., 2018). Besides antigen presentation, B cells also have multifunction, including

antibody production and cytokine secretion, and have effects on the T cell activation during Mtb infection

(Chan et al., 2014). Thus, when WT B cells were adoptively transferred into mMT mice, the transferred WT

B cells promoted Th1 cell activation upon stimulation with iH37Rv (Figures 7B and 8D). More importantly,

peak levels of IFNg+CD4+ T cells were detected when ManLAM-treated IL-10�/� B cells were adoptively

transferred (Figures 7B and 8D). The levels appear to be significantly higher than those observed when

WT B cells are transferred. IL-10�/� B cells do not produce IL-10 for suppressing Th1 polarization, so these

IL-10�/� B cells induce higher level of IFNg+CD4+ T cells compared with theWT B cells group. These results

clearly demonstrate that ManLAM hinders Th1 development/function during Mtb infection via IL-10 from

B cells. Moreover, ManLAM-treated B cells might also be partially involved in anti-TB immune response like

antigen presentation.

Collectively, we report a new immunoregulation mechanism in which Mtb ManLAM induced-B10 cells

negatively regulate host anti-TB cellular immunity. Our data showed that Mtb ManLAM induced B10 cells

with CD5+ B1a subset. Molecular mechanism analysis reveals that the interaction of ManLAM and TLR2

induces IL-10 production by B cells mainly via the TLR2/MyD88/PI3K/AKT/AP-1 and NEMO K63 ubiquiti-

nation NF-kB signaling pathways, and increased USP40. ManLAM-induced B10 cells hinder Th1

responses, promote Th2 polarization, and have no effect on Th17 cells. ManLAM-induced B10 cells in-

crease susceptibility to Mtb infection in mice. Our findings will help to understand the interaction be-

tween B cells and Mtb ManLAM and highlight the ManLAM-mediated B cells’ immunomodulatory

functions.
Limitations of the Study

The overall cytokine expressions, including the production of type I and type II IFNs, as well as multiple

functions (like antigen presentation) of ManLAM-treated B10 cells have not been detected and are worth

investigating in the future.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. [Murine B cells produce IL-10 upon stimulation with M. tb/ ManLAM], 

Related to Figure 2.  

(A) ManLAM was detected by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (visualized by glycogen staining).  

(B) The final preparation of ManLAM from M. tb H37Rv or BCG determined by high-

performance liquid chromatography (HPLC).  

(C) and (D) Time course of IL-10 production in ManLAM-treated B cells and 

ManLAM cytotoxicity against B cells. Splenic B cells were stimulated in vitro with 

iH37Rv (MOI, 1:2), Rv ManLAM (10 ng/ml) or polymyxin B-treated ManLAM for the 

indicated time periods (0-72 h). (C) IL-10 production in the cell culture supernatant was 

detected by ELISA. (D) Cytotoxicity was determined and ManLAM showed low 

toxicity at a concentration of 10 ng/ml.  

(E) B cells produced IL-10 upon stimulation with 

iH37Rv/iBCG/iBCG2196/ManLAM in vitro. Splenic B cells were stimulated with 

iH37Rv, Rv ManLAM, iBCG (MOI, 1:2), iBCG∆2196 (MOI, 1:2) or BCG ManLAM 

(10 ng/ml) for 12 h. B10 cells were detected by FCM. Representative dot plots.  

(F) Time course of IL-10 production in ManLAM-treated B cells. B cells were 

stimulated with iH37Rv/Rv ManLAM (10 ng/ml) for the indicated time periods (0-72 

h). B10 cells were detected by FCM. Representative dot plots.  

(G) B cells produced IL-10 upon stimulation with various concentrations of Rv 

ManLAM in vitro. Representative dot plots.  

(H) and (I) B cells produced IL-10 upon stimulation with 

iH37Rv/iBCG/iBCG2196/ManLAM in vivo. Mice were injected (i. p.) with 

iH37Rv/iBCG/iBCG2196 (108 CFU/100 μl/mouse) or ManLAM (100 ng/100 

μl/mouse) on day 1 and day 7. After 12 h of the 2nd injection, B10 cells from peripheral 
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blood, spleen and inguinal lymph nodes were analyzed by FCM. Representative dot 

plots.  

(J) Mice were infected (i. v.) with live BCG/BCG2196 (6 mice each group). 

splenocytes were collected at day 20 post-infection and B10 cells were determined by 

FCM. Representative dot plots. 

C-G, B cells were cultured in medium containing IL-2. Data are represented as mean ± 

SD. ***p < 0.001; **p < 0.01; *p < 0.05; NS, not significant. 
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Figure S2 
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Figure S2. [ManLAM binding to TLR2 stimulates IL-10 production by B cells], 

Related to Figure 3.  

(A) Cell viability after 36 h of nucleofection with MR-shRNA was determined by PI 

staining. Cell viability was expressed as the percentage of PI- cells.  

(B) WT B cells were transfected with MR-shRNA or scramble shRNA. After 48 h, the 

MR expression was determined by FCM.  

(C) Identified the binding sites of ManLAM for MR and TLR2 are different by ELISA. 

(D) Anti-TLR2 antibody inhibited IL-10 production by B cells in response to Rv 

ManLAM stimulation. B cells were stimulated with ManLAM (10 ng/ml) in the 

presence of anti-TLR2 antibody (5 g/ml) for 12 h. IL-10 production in the cell 

supernatant was determined by the CBA assay.  

(E) TLR2-/- B cells were actually capable of producing IL-10 at similar levels to WT B 

cells. B cells were treated with ManLAM, TLR agonists or anti-IgM+CD40L for 12 h. 

IL-10 production in the culture supernatant was determined by ELISA.  

(F) B10 levels were increased in the ManLAM, TLR1/2 agonist, TLR6/2 agonist and 

TLR4 agonist groups. B cells were stimulated with ManLAM or the indicated TLR 

agonists for 12 h. B10 levels were determined by FCM.  

(G) B cells were pre-treated with TLR1 antagonist GIT-27 or with TLR6 antagonist 

CU-CPT22 before stimulation with ManLAM. IL-10 production by WT/TLR-2-/- B 

cells was determined by ELISA.  

(H) Cell viability after 36 h of nucleofection with TLR1/TLR2-shRNA was determined 

by PI staining. Cell viability was expressed as the percentage of PI- cells.  
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(I) WT B cells were transfected with TLR1-shRNA, TLR6-shRNA or scramble shRNA. 

After 24 h, mRNA expression levels of TLR1 or TLR6 were determined by qRT-PCR. 

(J) IL-10 production by TLR1/TLR6-silenced and ManLAM-treated WT/TLR-2-/- B 

cells was determined by ELISA. D-G and J, B cells were cultured in medium containing 

IL-2. The data in C-E, G and I-J were shown as means ± SD. ***p < 0.001; **p < 0.01; 

*p < 0.05; NS, not significant. 
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Figure S3. [IL-10 production by ManLAM-treated B cells was not mainly via 

CD1d and S1P1], Related to Figure 3.  

(A) Anti-CD1d antibody inhibited the binding of ManLAM to CD1d. The microplate 

was coated with ManLAM (10 ng/ml). CD1d-Fc protein (5 μg/ml) was added to the 

microplate in the presence of various concentrations of anti-CD1d antibody (0-6 g/ml). 

After washing, the binding of ManLAM to CD1d was determined. In the positive 

control group, ManLAM was coated and the biotin-labeled ssDNA aptamer T9 was 

used to detect ManLAM.  

Figure S3 
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(B) IL-10 production by ManLAM-treated B cells in the presence of anti-CD1d 

antibody was determined by ELISA.  

(C)-(E) B10 cells were determined by FCM. B cells were pretreated with anti-CD1d 

antibody (5 μg/ml), Ab rat IgG2b κ Iso (5 μg/ml) and various concentrations of W146 

(S1P1 inhibitor) for 1 h, respectively. The cells were then stimulated with Rv ManLAM 

(10 ng/ml) for 12 h. C and D, pooled data. E, Representative dot plots. B-E, B cells 

were cultured in medium containing IL-2. The data in B-D were shown as means ± SD. 

**p < 0.01; *p < 0.05; NS, not significant. 
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Figure S4 
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Figure S4. [IL-10 production by ManAM-treated B cells requires 

MyD88/PI3K/AKT/Ap-1 and NF-B signaling pathways], Related to Figure 4.  

(A) The B10 cells were analyzed by FCM. WT and MyD88-/- B cells were stimulated 

with Rv ManLAM (10 ng/ml) for 12 h. Representative dot plots.  

(B) Cell viability. B cells were pretreated with the indicated inhibitors at various 

concentrations (0-75 M) for 1 h. Cell viability at the end of culture for each inhibitor 

was determined by FCM with PI staining. The viability of the cells for each inhibitor 

was more than 90 %.  

(C) IL-10 production of ManLAM-treated B cells was inhibited by AP1 and NF-κB 

inhibitors. B cells were pre-treated with the indicated inhibitors for 1 h and stimulated 

with ManLAM for 12 h. IL-10 in culture supernatant was analyzed by CBA kit.  

(D) PI3K, AKT, NF-κB and AP1 expression and activation were determined in WT B 

cells and TLR2-/- B cells (or MyD88-/- B cells) upon stimulation with ManLAM for 1 h 

by immunoblotting. Representative blots.  

(E) Immunoblotting analysis of PI3K, AKT, NF-κB and AP1 expression and activation 

in WT B cells and TLR2-/- B cells upon ManLAM/ Pam3CSK4 stimulation with or 

without MyD88 inhibitor.  

(F) IL-10 production in WT/TLR2-/- B cells upon stimulation with 

ManLAM/Pam3CSK4 for 12 h with or without MyD88 inhibitor was determined by 

ELISA.  

(G) PI3K, AKT, AP1 and NF-κB expression and activation in MR-silenced TLR2-/- B 

cells upon stimulation with ManLAM for 1 h were determined by immunoblotting. A-

G, B cells were cultured in medium containing IL-2. Data in B, C and F were shown as 

means ± SD. ***p < 0.001; **p < 0.01.  
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Figure S5 
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Figure S5. [ManAM induces B10 cells via TLR2 and USP40], Related to Figure 5. 

(A) and (B) GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 

of differentially expressed genes in WT vs. TLR2-/-. (A) GO categories enrichment 

(FDR <=0.01). (B) KEGG pathway enrichment (FDR <=0.01).  

(C) USP40 mRNA and protein expression. WT/TLR2-/- B cells were stimulated with 

Rv ManLAM (10 ng/ml) , TLR2 agonist (Pam3CSK4, 300 ng/ml) or TLR4 agonist 

(LPS, 10 μg/ml) for 12 h. Upper panel, protein expression of USP40 was analyzed by 

immunoblotting, using -actin as an internal control. Lower panel, qRT-PCR was used 

to detect the mRNA expression of USP40, and GAPDH was used as an internal control.  

(D) Cell viability after 36 h of nucleofection with USP40-shRNA was determined by 

FCM with PI staining. Cell viability was expressed as the percentage of PI- cells.  

(E) WT B cells were transfected with Scr or USP40-shRNA. After 24 h, the mRNA 

expression of USP40 was determined by qRT-PCR (right panel), and after 48 h, the 

USP40 expression was determined by immunoblotting (left panel).  

(F) ManAM induced B10 cells via TLR2 and USP40. WT B and TLR2-/- cells were 

transfected with USP40 shRNA. After 48 h, WT and TLR2-/- B cells were stimulated 

with Rv ManLAM for 12 h. B10 cells were detected by FCM. Representative dot plots. 

C and F, B cells were cultured in medium containing IL-2. Data in C and E were shown 

as means ± SD. **p < 0.01; *p < 0.05; NS, not significant. 
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Figure S6 
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Figure S6. [ManLAM-induced B10 cells inhibit Th1 polarization, promote Th2 

polarization and have no effects on Th17 in vitro], Related to Figure 6. Splenic B 

cells were isolated from WT/IL-10-/- mice and stimulated with Rv ManLAM (10 ng/ml) 

in the presence of IL-2 (30 U/ml) for 12 h. Then ManLAM was removed by washing 

the cells. CD4+ T cells were stimulated by plate-coated anti-CD3 antibody (5 μg/ml) 

and soluble anti-CD28 antibody (2 μg/ml) in the presence of the ManLAM-treated B 

cells for 72 h. In the transwell groups, T and B cells was separated by the microporous 

membrane and did not directly interact with each other. In the co-culture groups, T cells 

and B cells were mixed together and cultured. IFN-γ, IL-4 and IL-17A productions by 

CD4+ T cells were analyzed by FCM. Representative dot plots of (A) IFN-γ, (B) IL-4 

and (C) IL-17A production by CD4+ T cells. 
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Figure S7. [ManLAM-induced IL-10 production by B cells increases susceptibility 

to BCG infection in mice], Related to Figure 8. Mice were adoptively transferred 

with ManLAM-treated WT/IL-10-/- B cells, and the mice were intravenously (i. v.) 

infected with BCG. (A) After 20 days of infection, adoptively transferred CD3+CD4+ 

T cells and IgM+CD19+ B cells in the spleens were determined by FCM. (B) Splenic 

B10 cells and (C) cytokines produced by CD4+ T cells were determined by FCM. 

Representative dot plots.  

Figure S7 
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Figure S8. [ManLAM-induced IL-10 production by B cells increases susceptibility 

to virulent M.tb H37Rv infection in mice], Related to Figure 8. Mice were infected 

(i. v.) with M.tb H37Rv. (A) Schematic diagram. (B) After 20 days of infection, serum 

IL-10 were determined by ELISA. (C) M.tb H37Rv CFU assay in lungs and spleens. 

(D) Upper panel, lung tissue sections were analyzed with Ziehl–Neelsen acid-fast stain 

(1000 ×). The arrows represent the bacteria. Lower panel, lung and spleen tissue 

sections were stained with hematoxylin and eosin (H&E) and evaluated by light 

microscopy (200×). The arrows indicate the pulmonary lesions. Data in B and C were 

shown as means ± D. **p < 0.01; *p < 0.05. 

  

Figure S8 
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Transparent Methods  

 

Patient samples 

Peripheral blood samples from a total of 30 patients with newly diagnosed active 

pulmonary tuberculosis and 30 healthy donors from Wuhan Medical Treatment Center 

(Wuhan, China) and Zhongnan Hospital of Wuhan University (Wuhan, China). Blood 

samples were collected from ATB patients before medical treatment. The diagnosis of 

active tuberculosis was based on positive cultures for M.tb. TB patients co-infected with 

HIV or other diseases were excluded from the study. PBMCs were obtained by Ficoll 

density gradient centrifugation (Axis-Shield, Oslo, Norway) and then red blood cells 

were removed by applying Red Blood Cell Lysis Buffer (Beyotime, Shanghai, China).  

 

Bacteria, ManLAM preparation, plasmids and animals 

M.tb H37Rv (American Type Culture Collection (ATCC) strain 93009), M. bovis 

BCG (Sun et al., 2016) (ATCC strain 35734) and BCG2196 (Sun et al., 2016) were 

maintained on Lowenstein-Jensen (L-J) medium and harvested while in log phase 

growth. M.tb H37Rv and M. bovis BCG were inactivated at 65 ºC for 2 h. ManLAM 

was extracted from delipidated cells of inactivated M.tb H37Rv/ M. bovis BCG, purified 

by HPLC (high performance liquid chromatography) and identified as described in our 

previous report (Pan et al., 2014; Sun et al., 2016). 

The construction of BCG2196 has been described in our previous study (Sun et al., 

2016). We used a homologous recombination method to delete the BCG2196 gene in 

the BCG strain. The BCG2196 gene is a major gene encoding the enzyme responsible 

for the synthesis of ManLAM.  
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The plasmids encoding WT ubiquitin and ubiquitin mutants were kindly provided by 

Dr. Hong-Bing Shu and Dr. Yan-Yi Wang. For the ubiquitin mutant plasmids, the 

Lys48 (ubiquitin-K48) and Lys63 (ubiquitin-K63) were mutated into arginines in the 

ubiquitin mutant H-Ub (K48) and H-Ub (K63) respectively (Zhong et al., 2009). 

IL10-/-, TLR2-/- and MyD88-/- C57BL/6J mice were obtained from Nanjing 

Biomedical Institute of Nangjing University. Rag2-/- mice were kindly provided by Dr 

Youchun Wang (National Institutes for Food and Drug Control, Beijing, China). MT 

mice were kindly provided by Dr. Hai Qi (University of Tsinghua, Beijing, China). WT 

C57BL/6J, TLR4-/- and WT C3H/He mice were purchased from the Animal Laboratory 

Center of Wuhan University, China. Mice were bred and maintained in the animal 

facilities of the Animal Laboratory Center of Wuhan University (Wuhan, China).  

 

Construction of shRNA expression vectors and nucleofection 

The pSilencer 1.0-U6 (Ambion Life Technologies, Carlsbad, CA, USA) was used as 

described in our previous work (Li et al., 2008). The pSilencer 1.0-U6 has the U6 

promoter. The 21-mer short hairpin RNAs (shRNAs) against Mus musculus MR 

(GenBank accession no. NM_008625), TLR1 (GenBank accession no. NM_030682), 

TLR6 (GenBank accession no. NM_011604) and USP40 (GenBank accession no. 

NM_001198573) mRNAs were designed. According to the targeting sequences, two 

pairs of oligonucleotides coding for each shRNA were designed. MR-Pair1: 5’-

GCGAGAGATTATGGAACAAAGTTCA-3’ (forward), 5’-

AGCTTCTTTGTTCCATAATCTCTCGCGGCC-3’ (reverse); MR-Pair2: 5’-

AGCTTCTTTGTTCCATAATCTCTCGCTTTTT-3’ (forward); 5’-

AATTAAAAAGCGAGAGATTATGGAACAAAGA-3’ (reverse). TLR1-Pair1: 5’-

GCATTTGGACCTCTCCTTTAATTCA-3’ (forward), 5’-
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AGCTTGAATTAAAGGAGAGGTCCAAATGCGGCC-3’ (reverse); TLR1-Pair2: 

5’-AGCTTTTAAAGGAGAGGTCAAATGCTTTTT-3’ (forward); 5’-

AATTAAAAAGCATTTGGACCTCTCCTTTAAA-3’ (reverse). TLR6-Pair1: 5’-

GGGAGTTTCCACTTTGTTTGCTTCA-3’ (forward); 5’-

AGCTTGAAGCAAACAAAGTGGAAACTCCCGGCC-3’ (reverse); TLR6-Pair2: 

5’-AGCTTGCAAACAAAGTGGAAACTCCCTTTTT-3’ (forward); 5’-

AATTAAAAAGGGAGTTTCCACTTTGTTTGCA-3’ (reverse). USP40-pair1: 5’-

GAACAGCTGTTTGAGACCCATTGATTTCA-3’ (forward), 5’-

AGCTTGAAATCAATGGGTCTCAAACAGCTGTTCGGCC-3’ (reverse); USP40-

pair 2: 5’-AGCTTATCAATGGGTCTCAAACAGCTGTTCTTTTTT-3’ (forward), 5’-

AATTAAAAAAGAACAGCTGTTTGAGACCCATTGATA-3’ (reverse). 

Scramble(Scr)-shRNA-Pair1: 5’-CTGACCGACTATCGAGCACAGTTCA-3’ 

(forward); 5’-AGCTTCTGTGCTCGATAGTCGGTCAGGGCC-3’ (reverse); Scr-

shRNA-Pair2: 5’-AGCTTCTGTGCTCGATAGTCGGTCAGTTTTT-3’ (forward); 5’-

AATTAAAAACTGACCGACTATCGAGCACAGA-3’ (reverse). 

The pairs of oligonucleotides were synthesized, annealed and inserted into the 

pSilencer vector. The recombinant vectors were transformed into E. coli DH5. Each 

shRNA sequence contained a 9-bp loop sequence that separated the two complementary 

domains. The sequences for the complete shRNA insert templates were as follows. MR-

shRNA 5'- 

GCGAGAGATTATGGAACAAAGTTCAAGCTTCTTTGTTCCATAATCTCTCGC

TTTTT-3’(sense); 5'-

AATTAAAAAGCGAGAGATTATGGAACAAAGAAGCTTGAACTTTGTTCCAT

AATCTCTCGCGGCC-3’(antisense). TLR1-shRNA 5’-

GCATTTGGACCTCTCCTTTAATTCAAGCTTTTAAAGGAGAGGTCCAAATGC
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TTTTT-3’(sense); 5’-

AATTAAAAAGCATTTGGACCTCTCCTTTAAAAGCTTGAATTAAAGGAGAG

GTCCAAATGCGGCC-3’(antisense). TLR6-shRNA 5’-

GGGAGTTTCCACTTTGTTTGCTTCAAGCTTGCAAACAAAGTGGAAACTCCC

TTTTT-3’(sense); USP40-shRNA 5’-

GAACAGCTGTTTGAGACCCATTGATTTCAAGCTTATCAATGGGTCTCAAAC

AGCTGTTCTTTTTT-3’(sense); 5'- 5’-

AATTAAAAAAGAACAGCTGTTTGAGACCCATTGATAAGCTTGAAATCAAT

GGGTCTCAAACAGCTGTTCGGCC-3’(antisense).  Scr-shRNA 5’-

CTGACCGACTATCGAGCACAGTTCAAGCTTCTGTGCTCGATAGTCGGTCA

GTTTTT-3’ (sense); 5’-

AATTAAAAACTGACCGACTATCGAGCACAGAAGCTTCTGTGCTCGATAGT

CGGTCAGGGCC-3’(antisense).  

B cells were nucleofected with shRNA vectors by using the Nucleofector™ System 

(Lonza, Basel, Switzerland) according to the manufacturer's instructions. Briefly, 3×106 

cells were transfected with 2 μg of plasmid DNA in 100 l of P3 Primary Cell 4D-

Nucleofector™ X Solution, and further cultured for 48 h. The transient transfection 

efficiency of the cells was measured by using green fluorescent protein (GFP) as a 

reporter molecule. The percentage of transfected cells was determined by using pEGFP-

C1 plasmid, which encodes GFP, cotransfected with pSilence-1.0-shRNAs into B cells 

using Nucleofector™ System. The efficiency of positive transfected cells were 60~70%. 

We detected the viability of transected cells by FCM with propidium iodide (PI) 

staining. 

 

Magnetic activated cell sorting (MACS) 
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B cells were purified and isolated from splenocytes of mice using CD19 positive 

Magnetic Activated Cell Sorting (#130-052-201, Miltenyi Biotec, Bergisch Gladbach, 

Germany). Briefly, mouse splenocytes were incubated with microbeads-conjugated 

monoclonal rat anti-mouse CD19 antibodies at 4 ºC for 15 min. After immobilization 

of all these cells with a magnet, untouched CD19- cells were discharged. CD19+ B cells 

were then flushed from the column. The EasySep™ Mouse CD4+ T Cell Isolation Kit 

(#19852, Stemcell Technologies, Canada) was used to isolate CD4+ T cells from 

splenocytes by negative selection. Unwanted cells are targeted for removal with 

biotinylated antibodies directed against non-CD4+ T cells and streptavidin-coated 

magnetic particles. The labeled cells were separated using an EasySep™ magnet, and 

the desired CD4+ T cells were poured off into a new tube. The purity of the B cells and 

CD4+ T cells was > 95 % as determined by FCM. 

 

Flow cytometry (FCM) 

To detect human B10 cells during TB infection, the blood of TB patients was treated 

with RBC lysis buffer (Beyotime, Shanghai, China) to eliminate red cells. The samples 

were not stimulated in vitro before FCM analysis. The samples incubated with human 

Fc Receptor Blocking Solution (#422302, Biolegend), which composed anti-human 

CD16 (3G8), CD32 (FUN-2), and CD64 (10.1) antibodies, to block FcRs, followed by 

staining with FITC anti-CD19 (SJ25C1), APC anti-IL-10 (JES3-9D7) and APC Rat 

IgG1, κ Isotype Ctrl Antibody (RTK2071) antibodies for FCM analysis. The blood 

samples were collected from patients with active TB.  

    For live-dead discrimination, Zombie Aqua™ Fixable Viability Kit (Biolegend 

#423102) was used in the detection of intracellular cytokines. PI- staining was used in 
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determination of cell viability after nucleofection. Cell viability was expressed as the 

percentage of PI- cells.  

For detection of surface molecules on B cells, FITC anti-MR (C068C2), PE anti-

CD40 (3/23), PE anti-CD80 (16-10A1), PE anti-CD83 (Michel-19), APC anti-CD86 

(GL-1), perCP/Cy5.5 anti-mouse I-Ab (AF6-120) and percp/cy5.5 anti-IgM (RMM-1) 

antibodies were used. 

For murine B10 cell detection in vitro, purified B cells (2106) were cultured in the 

medium containing IL-2 (30U/ml, #212-12, Peprotech, NJ). The B cells were 

stimulated with various concentrations of ManLAM (1 -104 ng/ml) for 12 h. In the LPS 

control group, B cells were stimulated with 10 g/ml of LPS for 12 h. 6 h before 

harvesting the cells, brefeldin A (1000) was added. The B cells were incubated with 

anti-mouse CD16/CD32 antibody (clone 93) to block FcRs and stained with APC/FITC 

anti-CD19 (6D5), APC anti-mouse CD1d (CD1.1，Ly-38), PerCP-Cy5.5 anti-CD5 

(53-7.3) antibodies and then fixed and permeabilized with fixation/permeabilization 

buffer (Biolegend, CA, USA) according to the manufacturer’s protocol. Permeabilized 

cells were stained with PE anti-IL-10 antibody (JES5-16E3) or isotype control PE Rat 

IgG2b, κ Isotype. In the in vivo experiments, splenocytes isolated from infected mice 

were cultured in medium containing IL-2 (30 U/ml) and Brefeldin A (5 g/ml) for 6 h, 

then the CD19+B cells were assessed for intracellular cytokine expression by FCM. 

To assess the effects of various TLR ligands (InvivoGen, San Diego, USA) on B10 

cell induction, the TLR1/2 agonist Pam3CSK4 (100 ng/ml), TLR4 agonist LPS (10 

μg/ml), TLR5 agonist-FLA-ST (flagellin from Salmonella typhimurium, 10 μg/ml) and 

TLR2/6 agonist FSL-1 (synthetic diacylated lipoprotein, 1 μg/ml) were used. After 

stimulation with 12 h, the B10 cells were determined. 



24 

 

  To assess the effects of ManLAM binding to CD1d/S1P1 on B10 cell induction, the 

cells were pre-treated with different concentrations of W146 (S1P1 inhibitor, Bristol, 

United Kingdom, Tocris Bioscience), anti-CD1d antibody (5 μg/ml, 1B1) and Ab rat 

IgG2b κ Iso (5 μg/ml, RTK4530) for 1 h prior to ManLAM stimulation. The B10 cells 

were determined by FCM.  

To identify the CD4+ T cell polarization, APC-anti-CD3 (17A2), FITC-anti-CD4 

(GK1.5), PE-anti-IL-4 (11B11), PE-anti-IFN-γ (XMG1.2) and PerCP-Cy5.5 anti-IL-

17A (TC11-18H10.1) antibodies were used for the detection of intracellular cytokine 

expression. All antibodies used in the FCM analysis were purchased from Biolegend 

(CA, USA) and eBiosience (Thermo Fisher Scientific MA, USA).  

 

Transwell and co-culture assay 

Six-well plates were coated with anti-CD3 mAb (5 g/ml) overnight at 4 °C. CD4+ 

T cells were purified from splenocytes using mouse BD IMag™ anti-mouse CD4 

particles (GK1.5, BD PharMingen, CA, USA) via negative selection. The purified 

CD4+ T cells were seeded in 6-well plates or lower transwell chambers at a density of 

2106 in 2 ml/well in the presence of soluble anti-CD28 (2 μg/ml) mAb. The 2106 

ManLAM-treated (WT or IL10-/-) B cells were directly co-cultured with purified 

CD4+T cells, or the B cells were added to the upper transwell chambers (Millicell, 0.4 

m; Millipore). After 72 h, IFN-γ/IL-4/IL-17A production by CD4+ T cells was 

assessed by FCM.  

 

Enzyme-linked immunosorbent assay (ELISA) 

For IL-10 detection, murine splenic CD19+ B cells (1106 cells/ml) were stimulated 

with ManLAM (10 ng/ml), LPS (10 μg/ml) or iH37Rv (MOI, 1:2) in medium 
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containing IL-2 for 12 h. IL-10 production in the culture supernatants was detected by 

using a sandwich ELISA (Dakewe Biotech Co., Ltd., China).  

To determine the IC50 of inhibitors for IL-10 production by B cells, B cells were pre-

treated with LY294002 (PI3K inhibitor), PD98059 (MEK1 inhibitor), SP600125 (JNK 

inhibitor), curcumin (AP1 inhibitor) or PDTC (NF-κB inhibitor) at the indicated 

concentrations for 1 h before stimulation with ManLAM (10ng/ml) for 12 h.  

To further identify the roles of TLR2 heterodimers involved in ManLAM-triggering 

signal pathway, B cells were pre-treated with TLR1 antagonist CU-CPT22 (MERCK 

#614305, Darmstadt, Germany) for 2 h or with TLR6 antagonist GIT-27 (BOC Science 

#6501-72-0, Shirley, USA) for 30 min before stimulation with ManLAM (10ng/ml) for 

12 h. 

 

Competition assay 

ELISA plates were coated with Rv ManLAM (1 g/ml) overnight at 4 ˚C. After 

blocking with 200 l of bovine serum albumin (2 %, V/V) at 37 ˚C for 1 h, both MR 

(400 nM) and TLR2 (400 nM) proteins were added and incubated with ManLAM at 37 

˚C for 2 h. In the control groups, either MR (400 nM) protein (#Q2HZ94, R&D Systems, 

MN, USA) or TLR2 (400 nM, #1530-TR-050, R&D Systems, MN, USA) alone was 

added onto the ManLAM-coated plate. After washing, streptavidin-anti-TLR2/MR 

antibodies were added to detect the binding of TLR2/MR to ManLAM. 

To assess the inhibition of ManLAM-CD1d binding by anti-CD1d antibody, 

ManLAM was used to coat the microplates. Recombinant mouse CD1d-Fc chimera 

protein (0.5 g/100 l, #4884-CD-050, R&D Systems, MN, USA R&D) was added on 

the microplate in the presence of various concentrations of anti-mouse CD1d 
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monoclonal antibody (mAb, #140804, Biolegend, CA). After incubation for 2 h, 

unbound CD1d-Fc was removed by washing. HRP-goat-anti-mouse IgG was added to 

detect CD1d bound to ManLAM. In the positive control groups, ManLAM was coated 

on the microplates, and Bio-T9 aptamer (Tang et al., 2016) was used to detect ManLAM. 

 

Enzyme-linked oligonucleotide assay (ELONA) 

To measure serum ManLAM in TB patients, we used aptamer-based indirect 

ELONA (Tang et al., 2014). Mannose receptor was coated on the microplates, and then 

the serum samples were added on the microplates. After washing, the biotin-labeled 

ssDNA ManLAM aptamer T9 (Tang et al., 2016) was added to detect serum ManLAM 

and HRP-streptavidin conjugate was used for color development. The absorbance at 

450 nm was determined. 

 

Cytometric-Bead Array (CBA) 

B cells were pre-treated with LY294002 (PI3K inhibitor, 20 μM), PD98059 (MEK1 

inhibitor, 20 μM), SP600125 (JNK inhibitor, 50 μM), curcumin (AP1 inhibitor, 10 μM), 

PDTC (NF-κB inhibitor, 20 μM), TLR2 blocking antibody and TLR2 Ab IgG1 κ Iso 

for 1 h. After washing, the cells were stimulated with ManLAM (10 ng/ml) for 12 h. 

The concentrations of IL-10 in culture supernatant was determined using the BD™ 

Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17 Cytokine Kit (#560485, BD 

PharMingen, CA, USA) according to the manufacturer’s protocol. The kit contained 

the beads conjugated to an antibody against IL-10. A secondary antibody conjugated to 

the fluorescent dye PE was used for detection. 

 

ManLAM-beads pull-down assay 
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Whole cell lysate (WCL) was extracted using a membrane protein extraction kit 

(Beyotime Biotechnology, China). Then, 2 mg epoxy of magnetic beads (BioCanal, 

China) was washed with PBS and ethanol (100 %). The beads were hydroxylated in 

500 l of 20 mM 4-hydroxybenzhydrazide at 37 ˚C for 10 h. The beads were separated 

from the supernatants using a magnetic separation device for 3 min and then washed 

three times with 100 % ethanol. The hydroxyl modified beads were stored in 100 % 

ethanol at 4 ˚C. Rv ManLAM extracted from M. tb H37Rv was dissolved in the 

coupling buffer (0.2 mM of sodium acetate buffer, pH 5.4). After washing the beads 

with 100 % ethanol three times, the beads were conjugated to 2 mg of Rv ManLAM in 

500 μl coupling buffer. The ManLAM-conjugated beads were incubated to 2 mg of cell 

membrane proteins in 500 l of binding buffer (20 mM of Tris-HCl, 0.15 M of NaCl, 

10 mM of CaCl2, 6 mM of MnCl2, pH 7.2) for 2 h at 37 ˚C with gentle shaking. 

Unbound proteins were removed from the beads by washing five or six times with 

washing buffer (20 mM of Tris-HCl, 0.25 mM of Tween-20, pH 7.2). The ManLAM-

binding proteins that were bound to the beads were detected by immunoblotting. 

 

Immunoprecipitation and immunoblot analysis 

To detect the polyubiquitination of NEMO, B cells were transfected with the 

indicated plasmids encoding NEMO, WT ubiquitin (H-Ub), ubiquitin mutant H-Ub 

(K48) and H-Ub (K63) (54) At 48 h after transfection, the B cells were stimulated with 

ManLAM (10 ng/ml) for 12 h. The supernatant of the cell lysates was subjected for 

immunoprecipitation with an antibody against NEMO and then analyzed by 

immunoblotting with anti-ubiquitin antibody. 

To detect p-PI3K p85 (Tyr607), PI3K p85, p-AKT (Thr308), AKT, p-NF-κB p65 

(Ser 536), NF-κB p65, AP-1, Histone H3 and β-actin expression in ManLAM-treated 
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B cells, ManLAM-treated B cells were lysed in RIPA Lysis Buffer (Beyotime, shanghai, 

China), or the cytoplasmic and nuclear fractions of the B cells were prepared using a 

nuclear and cytoplasmic protein extraction kit (Beyotime, shanghai, China). Lysates 

were separated on a 5 % to 10 % SDS-polyacrylamide gel, transferred onto 

polyvinylidene difluoride membranes (Millipore) and then probed with specific 

antibodies. Bound antibodies were detected with HRP-conjugated secondary antibodies 

and visualized by chemiluminescence (Pierce ECL Western Blotting Substrate). Semi-

quantification was carried out by densitometry using the UVP bioimaging system 

(Upland, CA, USA).  

 

Transcriptional changes in ManLAM-treated CD1dhiCD5+ B cells 

WT/TLR2-/- B cells were stimulated with Rv ManLAM (10 ng/ml) for 12 h, and then 

the CD1dhiCD5+ B cells were sorted by FCM. Total RNA was extracted from the sorted 

cells. The RNA was quantified using a NanoDrop ND-2000 (Thermo Scientific) and 

the RNA integrity was assessed using the Agilent Bioanalyzer 2100 (Agilent 

Technologies, USA) and then subjected to transcriptome analysis (BGISEQ-500 RNA-

Seq, BGI Genomics, BGI-SHENZHEN, China). Briefly, the RNA samples were first 

treated with DNase I to remove DNA contamination. The mRNA molecules were then 

purified from the total RNA using oligo (dT) magnetic beads, and mRNA molecules 

were fragmented into small pieces. First-strand cDNA was generated using random 

hexamer primed reverse transcription, which was followed by second-strand synthesis. 

Adaptors were ligated to cDNA fragments for further hybridization. Subsequently, size-

selected, adaptor-ligated cDNA was amplified by PCR. The quality of purified PCR 

products was evaluated using the Agilent Bioanalyzer 2100 (Agilent Technologies, 
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USA). The 3 prepared libraries were sequenced on the BGISEQ-500 platform with 50-

bp single-end reads (BGI, China; http://www.seq50.com/en/)   

After filtering low-quality reads, clean reads were mapped to the reference genome 

and genes using HISAT and Bowtie2 tool. For gene expression analysis, the matched 

reads were calculated and then normalized to FPKM using RESM software. The 

significance of the differential expression of genes was defined by the bioinformatics 

service of BGI according to the combination of the absolute value of the log2-Ratio ≥ 

1 and FDR ≤ 0.001. Genome Ontology pathway over-representation analysis was 

performed on protein-coding genes that were differentially expressed using the 

WebGestaltR package (Wang et al., 2017). ClusterProfiler R package were used for 

KEGG pathway enrichment analysis (Yu et al., 2012). MEV software was used for 

hierarchical cluster analysis of gene expression patterns. 

 

Quantitative Reverse Transcription PCR (qRT-PCR) 

The B cells were stimulated with ManLAM (10 ng/ml) for 12 h. Total RNA was 

extracted from the cells and qRT-PCR analysis was performed. All primers for target 

and reference genes were as follows: F 5’-GGGACTGACATTCACCCTGG-3’ and R 

5’-GCATCTTCAAGTGACCCGGA-3’ for Usp40; F 5’-

AAACGCAAACCTTACCAG-3’ and R 5’-TATAGGCAGGGCATCAAA-3’ for 

TLR1; F 5’-GTCAGTGCTGGAAATAGAG-3’ and R 5’-

CACAGGCAGTACATCAAA-3’ for TLR6; F 5’- AGGGTGCGGTACACTAAC-3’ 

and R 5’- CAACACGGTATGACAGAAA-3’ for MR.  

 

Mouse models 
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For the iH37Rv-primed mouse model, the MT (B cell-deficient) mice were 

intravenously (i.v.) injected with ManLAM-treated WT/IL-10-/- B cells on day -3 

(5×106/100 μl PBS/mouse). On day 0, the mice were immunized (i. p.) with iH37Rv 

(1×108 CFU/mouse). On day 7, intracellular IFN-γ, IL-4 and IL-17A production by 

splenic CD4+ T cells was analyzed by FCM.  

WT (C57BL/6J) mice were infected (i.p.) with BCG/BCG2196 (1×108 

CFU/mouse), and splenic B10 cells were determined by FCM at day 20 post-infection. 

Rag2-/- mice, which have no mature B and T cells, were i.v. injected with ManLAM-

treated WT/IL-10-/- B cells plus CD4+ T cells (5×106 B cells+5×106 T cells /100 μl 

PBS/mouse) at day -7. At day 0, these Rag2-/- mice were i. v. infected with BCG (1×105 

CFU/mouse). At day 20 post-infection, splenocytes were collected. B10 cells, 

intracellular IFN-γ, IL-4, IL-17A and IL-10 production by CD4+ T cells was determined 

by FCM. Bacterial loads in the spleens of infected mice were assessed as previously 

described (Pan et al., 2014; Sun et al., 2016). 

For M.tb H37Rv infection model, Rag2-/- mice were i.v. injected with ManLAM-

treated WT / IL-10-/- B cells plus CD4+ T cells (5×106 B cells+5×106 T cells /100 μl 

PBS/mouse) at day -7. At day 0, the mice were i. v. infected with M.tb H37Rv (1×105 

CFU/mouse). After 20 days of infection, M.tb H37Rv loads in the lungs and spleens of 

infected mice were assessed. The mice were sacrificed by carbon dioxide inhalation. 

 

Cytotoxicity assay 

To assess ManLAM cytotoxicity, lactate dehydrogenase (LDH) cytotoxicity assay 

was performed. B cells were incubated with polymyxin B-treated ManLAM (10 ng/ml), 

ManLAM or iH37Rv (MOI, 1:2) in the IL-2-containing medium for 2-72 h. The 
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cytotoxicity of ManLAM was determined by measuring the release of cytoplasmic 

LDH using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI).  

 

Quantification and statistical analysis 

Data are presented as mean  SD and analyzed by GraphPad Prism V 5.00 for 

Windows (GraphPad Software, San Diego, CA). Statistical significance was 

determined by Student t test or ANOVA followed by Neuman-Keuls post hoc test. p 

value less than 0.05 considered as statistically significant. 

 

Ethics statement 

Participation of human subjects was approved by ethics committee of the Wuhan 

University School of Basic Medical Science and Wuhan Medical Treatment Center (No. 

14009), and blood samples were obtained only after informed written consent. 

 All mouse experiments in this study were carried out in accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health and Animal Management Regulations of Animal 

Laboratory Center of Wuhan University. All mouse experiments were approved and 

supervised by the Institutional Animal Care and Use Committee of Animal Laboratory 

Center of Wuhan University (No. 2017077, No. 2017095 and No. 2017095-1).  

 

Data and Software Availability 

RNA-seq data reported in this study has been submitted to the NCBI SRA: 

PRJNA505400 (https://submit.ncbi.nlm.nih.gov/subs/sra/). 
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