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Lipoarabinomannan (LAM) is an important virulent factor secreted by mycobacteria, which generally elicit a
strong immune response in the host. In this study, the structural difference of LAMs from three mycobacterial
strains, Mycobacterium tuberculosis H37Rv, Mycobacterium smegmatis mc?155 and a newly discovered clinical
isolate, M. sp. QGD101, was analyzed and further evaluated whether these LAMs can induce DC maturation and
promote the immunomodulatory properties. The results reveal that the major structural difference of these LAMs

is the amount of mannosyl residues, especially at the terminal end of LAM, which play a key role in determining
the divergent response of DCs after mycobacterial infection. Also, this study indicates an important relevance
between the glycosylated structure of LAM and its immunomodulatory property, which is helpful to develop a
potential approach for identification of different mycobacteria and also lays a foundation for the development of
a novel polysaccharide immunological strategy against tuberculosis.

1. Introduction

Tuberculosis (TB) is one of the major causes of human death around
the world. Mycobacterium tuberculosis (Mtb), the causative bacteria of
tuberculosis, has developed complicated mechanisms to interfere with
both the innate and acquired immune system of the host [1]. Especially
at the early stage of mycobacterial infection, the interaction between
mycobacteria and host immune cells is essential for Mtb to influence the
subsequent immune responses [2].

As the most important antigen presenting cells, dendritic cells (DCs)
are considered to be one of main cell populations to contact with my-
cobacteria after mycobacterial infection, which are mainly localized in
the lung parenchyma and the epithelium of the airways [3,4]. The DCs
stimulated by mycobacterial antigens can release immunoregulatory
cytokines, which may induce a pro-inflammatory response and promote
the activation of T cells [5].

The immune recognition is based on the detection of molecular
structures that are unique to pathogens. For the mycobacterial species,
various glycolipids and polysaccharide in their cell wall play an im-
portant role in the immune recognition and immune manipulation [6].
Lipoarabinomannan (LAM) is a major polysaccharide in the

mycobacterial cell wall, which is also considered as an important
virulence factor. The mannose-capped LAM (ManLAM) is most abun-
dant in the pathogenic mycobacterial species, such as M. tuberculosis
H37Rv. In addition to ManLAMs, other immunomodulatory compounds
in the mycobacterial cell wall, such as phosphatidyl-inositol manno-
sides (PIMs) [7-9] and lipomannan (LM) [10], have also been reported
to have potent inductive effects on immune cells of the host, which are
rich in the non-pathogenic mycobacterial species, such as M. smegmatis
mc?155.

LAMs from different strains of mycobacteria have been shown to
account for triggering distinct immune responses [11]. However, this
regulatory relationship between LAM structures and LAM-induced im-
mune responses is less studied. Especially for non-tuberculous myco-
bacteria (NTM), the host-LAM interaction occurring during myco-
bacterial infection have remained poorly characterized [12].

In this study, in order to uncover the structural distinction of LAMs
from multiple types of mycobacterial strains and investigate their dif-
ferent immunomodulatory activities, we analyzed the structure of three
types of LAMs purified from M. tuberculosis H37Rv, M. smegmatis
mc?155 and a clinical isolate M. sp. QGD101 by multiple lectin assays,
and evaluated their regulatory effects on the maturation of mouse DCs
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in vitro, and their surface receptor expression and cytokine profiles.
2. Materials and methods
2.1. Bacteria culture

A newly discovered clinical isolate Mycobacterium sp. QGD101, a
non-tuberculous Mycobacterium species detected in southern-central
China, had been identified and stored in CMCC (AA 2017003) by our
researchers. The M. smegmatis mc>155, M. tuberculosis H37Rv and M. sp.
QGD101 that stored in —80°C were firstly cultured on Lowenstein
Jensen medium for 2-3 days at 37 °C. Then, H37Rv and M. sp. QGD101
were propagated in Middlebrook 7H9 medium for 3-4 weeks at 37 °C,
and M. smegmatis mc*155 was cultured for 1-2 weeks under the same
condition. Large scale cultures were grown and collected in 50 ml
centrifuge tubes, then were incubated at 80°C for 2h to inactivate
mycobacterial cells. Pellets were obtained by centrifugation at 3800 x g
for 15 min room temperature, discard the supernatant and store it at
4°C.

2.2. LAMs extraction and purification

The crude glycolipids of LAMs were extracted by a Triton X-114
phase separation method based on early protocols [13], and purified
with size exclusion columns (Sephacryl S-100) in an AKTA purifier
system (Pharmacia Biotech, GE Healthcare) [14], which was efficient to
separate and remove large endotoxin aggregates from LAMs. Different
fractions were analyzed in SDS-PAGE (SDS-polyacrylamide gels) and
glycolipid bands were then revealed with acid-silver stain.

The concentration of LAMs was respectively calculated by the
phenol-sulfuric acid colorimetric method, which was performed at the
wavelength of 490 nm with phenol-sulfuric acid as a color reagent.

2.3. Lectin assays

The structural differences of the purified LAMs isolated from the
different strains of Mtb were investigated by the specific lectins (ConA,
PSA, SNAI and PTLII).

The purified LAMs were separated by 15% SDS-PAGE and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes. After
treating with phosphate buffered saline containing 0.1% Tween-20
(PBST), membranes were respectively incubated with the corre-
sponding biotin-lectin (5pug.ml™') in PBST at 4°C overnight. Three
washes of 5min each were performed with PBST. Then, membranes
were incubated with 20ml PBST, followed by an incubation with
horseradish peroxidase (HRP)-avidin at a dilution of 1:500 for 1h at
room temperature [15]. Three additional washes with PBST (5 min
each) were carried out on the shaking table. Finally, the labeling bands
were visualized with Super Signal West Pico Chemiluminescent Sub-
strate (Thermo Fisher Scientific, Waltham, MA).

Four lectins were purchased from EY Laboratories (San. Mateo, CA)
and Vector Laboratories (Burlingame, CA), and other chemicals were
purchased from Sigma-Aldrich (Shanghai, China).

2.4. Preparation of DCs from murine bone marrow

Seven to eight-week-old female C57Bl/6 mice were purchased from
the Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai, China).
Murine bone marrow cells (BMC) were prepared from the bone of the
femur. BMCs were then seeded at 1 x 10°cells/ml in PRMI1640
medium with a combination of GM-CSF/IL-4 (10 ug/ul) in Petri dishes
(Corning, Corning, NY, USA). After 4 days’ culture, DCs were isolated
from collected cells by positive selection using anti-CD11c MicroBeads
and magnetic cell sorting (MACS; Miltenyl Biotec, Bergisch Gladbach,
Germany). The surface molecules of DCs (MHCII and CD11c) were then
assayed to purify these DCs to > 85% purity by flow cytometer (Becton
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Dickinson, Mountain View, CA, USA).

2.5. Stimulation of DCs

LAMs were first diluted to a concentration of 25ng/pl using iso-
propyl alcohol. 200 pl of LAM solutions were prepared per well in 96
well plate. The culture filtrate proteins (CFPs) from M. tuberculosis
H37Rv have been obtained by filtration through 0.22-uym poly-
ethersulfone filters. Cells were cultured in the presence of stimulants for
6h, 24 h and 48 h. 420 pl supernatants for each set were respectively
collected and stored at —20 °C for cytokine assays.

2.6. Flow cytometry

Antibodies used for flow cytometry analysis were: anti-CD11c (IgG,
clone HL3), anti-CD80 (IgG2a, clone RMMP-1) and anti-CD86 (IgG2a,
clone RMMP-2) (CosmoBio, Tokyo, Japan). These cell surface mole-
cules on DCs were assayed using a FACScan flow cytometer (Becton
Dickinson, Mountain View, CA, USA). All DC maturation experiments
were performed after 48 h stimulation.

2.7. ELISA assays for cytokines

Cytokines in supernatants of DC cultures (IL-1f3, I-10, I-6, IL-12p40,
IL-12p70, TGF-f and TNF-a) were quantified respectively by ELISA (BD
Biosciences), according to the manufacturer’s protocols.

2.8. Quantitative real-time PCR analysis of DCs surface receptors

To determine mRNA expression of MR (Mannose Receptor), Dectin-
2 and DC-SIGN genes, DCs were collected at 6 h and 24 h after stimu-
lation of LAMs. Total RNA from cells was isolated using RNeasy Mini
Kit according to the manufacturer’s protocol (Qiagen, Hilden,
Germany). RNA was treated with DNase I (Invitrogen) and converted to
c¢DNA using cDNA Reverse Transcription Kit (Applied Biosystems).
mRNA expression of genes was determined by qPCR with a Power SYBR
Green PCR Master Mix kit (Applied Biosystems), and relative gene ex-
pression values of all different gene targets were calculated by the
2744 method using f-actin as reference genes in data normalization.

The primer sequence was as follows: B-actin: 5-TGGAATCCTGTG
GCATCCATGAAAC-3’and  5-TAAAACGCAGCTCAGTAACAGTCCG-3;
MR: 5-TGCCGGGCGCTCGGACGGATG-3’and 5-TGCTGCTTGCAGCTT
GCCCTTGCCTGA-3"; Dectin-2: 5’-GGGATGCTGCCCAAATCAC
TGG-3’and  5-TGGGTGATGAAATTCTGCTCCGCTTCA-3%; DC-SIGN:
5’-CCCTTGGCACTGCAGGTGCTCTTCCT-3’and 5-GGGCAGGAGCGGCA
CAGTCG-3".

2.9. Statistical analysis

All data are shown as the mean + SD. Two-tailed t-test were used to
assess the statistical significance. Value of P < 0.01 was considered as
statistical significance.

3. Results
3.1. Comparison of molecular weight of LAMs

To evaluate the molecular weight of three types of LAMs, purified
LAM extracts were analyzed by SDS-PAGE using 15% tricine gel by
periodic acid-silver nitrate staining (Fig. 1). As shown in Fig. 1, there
were no other bands except LAM contents. Two bands from M. sp.
QGD101 and M. smegmatis mc?155 were in the typical 30-35 kDa range
(Fig. 1, Lane 1 and 3), another band was in the 35-40 kDa range (Fig. 1,
Lane 2), indicating a weight increase of ~5kDa for M. tuberculosis
H37Rv.
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Fig. 1. SDS-PAGE profile of mycobacterial LAMs. M: Molecular weight markers.
Lane 1. LAMs of M. sp. QGD101. Lane 2. LAMs of M. tuberculosis H37Rv. Lane 3.
LAMs of M. smegmatis mc>155.

3.2. Structural characterization of LAMs

Four different lectins (ConA, PSA, SNA-I and PTL-II) were used to
discriminate the LAM structure by western blot detection, in which
each lectin recognized specific monosaccharide based on their re-
spective binding specificities (Table 1). After HRP labeling of lectins on
a nitrocellulose membrane, two distinct bands were respectively ob-
served towards PSA and Con A for both M. sp. QGD101 and M. tu-
berculosis H37Rv LAMs, but no bands were found for M. smegmatis
mc?155 (Fig. 2A). The different intensity of lectin bands between
QGD10land H37Rv represented that the PSA and Con A preferentially
bound to the terminal mannosyl units of H37Rv LAMs compared with
QGD101, which directly showed a variation in the amount of mannose
residues at the end of LAMs (Fig. 2B).

However, there were no specific reactivities for all three LAMs to-
wards SNA I and PTL-II, which indicated that N-acetylneuraminic acid
and N-acetylgalactosamine were not the constituents of the core
structure of these LAMs.

3.3. Effects of LAMs on the maturation of DCs

To evaluate how DC maturation was influenced by different LAMs,
the levels of surface maturation markers (CD80 and CD86) were mea-
sured by flow cytometry (Fig. 3A). After stimulation of DCs with H37Rv
LAMs, the expression of CD80 and CD86 were significantly increased
(p < 0.001) compared with levels of unstimulated cells (Fig. 3B).
When M. sp. QGD101 LAMs were added to the DCs for 48 h, the in-
creased expression of CD86 was also observed (p < 0.005) (Fig. 3B).
But for M. smegmatis mc®155 LAMs, both CD80 and CD86 were not

Table 1
Lectins Source and Carbohydrate Specificity.

Lectin Symbol  Source Ligand Motif

ConA Canavalia ensiformis Man (Terminal, Branched)

PSA Pisum sativum Man (N-acetyl chilobiose-a-Fuc)
SNA-T Sambucus nigra Neu5Aca2-6Gal (NAc)-R

PTL-II Psophocarpus tetragonolobus GalNAc, Gal
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expressed after the treatment of this avirulent strain (Fig. 3B).
3.4. Effect of LAMs on production of DC cytokines

To assess the effect of LAM on DC function, IL-1f, IL-10, IL-6, IL-
12p40, IL-12p70, TGF-B and TNF-a were detected by ELISA from DCs
that were respectively cultured with LAMs, mycobacterial cells and
H37Rv CFPs. All experiments were conducted with 48 h stimulation of
DCs.

As expected, M. smegmatis mc>155 LAMs displayed a significantly
lower inductive activity compared with other LAMs in terms of IL-1f3,
IL-6, IL-12p40 and TNF-a secretion (p < 0.01) (Fig. 4). M. sp. QGD101
LAMs showed a strong and similar inductive activity as H37Rv LAMs
for IL-6 production. In addition, H37Rv LAMs triggered a significant
increase of IL-12p40 and TNF-a production compared with M. sp.
QGD101 LAMs (p < 0.01) (Fig. 4).

And, this result also showed that DCs exposed to LAMs released
fewer cytokines than DCs exposed to mycobacterial cells and CFPs,
especially for the production of IL-1fB, IL-6, IL-12p40 and TNF-a
(Fig. 4). Furthermore, IL-10, IL-12p70 and TGF-B were almost not
generated in DCs in response to LAMs stimulation. However, when
LAMs were added to DCs together with CFPs, it stimulated an evident
increase for cytokine outputs (Fig. 4).

3.5. Effect of LAMs on the expression of DC surface receptors

It is well known that the host immune response is initiated in re-
sponse to interactions between pattern recognition receptors, such as C-
type receptors, and pathogen-associated molecular patterns (PAMPs) on
secreted Mtb antigens and cell wall components.

In this study, we measured MR, Dectin-2 and DC-SIGN expression on
DCs. After stimulation for 6 h, the relative expression level of MR gene
was significantly induced on DCs (Fold change > 1.5, p < 0.01)
under LAMs treatment for both QGD101 and H37Rv (Fig. 5A). The
increased expression of Dectin-2 gene was also observed (Fold
change > 1,p < 0.01) after 6 h treatment by QGD101 LAMs (Fig. 5B).
In contrast, the expression level of DC-SIGN was not up-regulated in
response to 6 h post-stimulation of LAMs (Fig. 5C). Moreover, no sig-
nificant transcriptional fold changes were found for all these receptors
after 6 h stimulation with mc?155 LAMs (Fig. 5).

After stimulation for 24 h, MR expression was significantly down-
regulated under the treatment of QGD101 LAMs (p < 0.01) (Fig. 5A),
and the expression of Dectin-2 was also obviously decreased after the
stimulation of all three types of LAMs (p < 0.01) (Fig. 5B). In contrast,
a remarkable increase in the expression of DC-SIGN gene was observed
at 24 h of culture with LAMs of QGD101land H37Rv compared to the
group at 6 h (Fold change > 1, p < 0.01) (Fig. 5C).

4. Discussion
4.1. Isolation and characterization of LAMs

LAMs are ubiquitous in mycobacteria and have been proved to
modulate the host immune response [16,17]. According to the different
mycobacterial species, three types of LAMs have been described:
Mannose-capped LAM (ManLAM), Phospho-myo-inositol-capped LAM
(PILAM) and Non-capped LAM (AraLAM) [18]. However, it is rarely to
be reported for divergent immunoregulatory effects of LAMs from dif-
ferent species of mycobacteria.

Here, we extracted LAMs from three different species, M. tuberculosis
H37Rv, M. smegmatis mc?155 and clinical isolate M. sp. QGD101.
According to the molecular weight, M. sp. QGD101 and M. smegmatis
mc®155 LAM were lower than that observed for M. tuberculosis H37Rv
LAM, which indicated a general structural variation between non-
tuberculous mycobacteria and tuberculous species. Based on the lectin-
binding assay, we found that PSA (a mannose-binding lectin) and Con A
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Fig. 2. Comparative analysis of the LAM structure by the lectin binding assay. (A) Western blotting of LAMs with Four lectins by the HRP labeling. M: Molecular
weight markers. (B) Schematic comparison of the cap structure of LAM among H37Rv, QGD101 and mc®155. For the purpose of simplicity, LAM is described as a
tripartite structure composed of the mannose domain, the arabinan domain and the lipomannan (LM) core. Different mannose-cap motifs in the arabinan domain are

shown.

(a terminal mannose-binding lectin) obviously bound to the LAMs of
QGD101 and H37Rv compared with mc?155. This was in agreement
with previous findings, in which ManLAM had been described in M.
tuberculosis H37Rv and PILAM had been found in M. smegmatis mc>155
[18]. The difference in the lectin binding intensity between QGD101
and H37Rv demonstrated that there was a different amount of mannose
units in their LAMs, especially in the cap structure of LAM (Fig. 2B).
Here, we first successfully extracted and purified the LAM from M. sp.
QGD101 that isolated from tuberculosis suspects in southern China, and
preliminarily compared its LAM structure with H37Rv and mc?155,
which is meaningful to elaborate the connection between LAM struc-
ture and its function in the future studies.

4.2. Maturation of LAM-activated DCs

It is well known that DCs mediate interactions between innate im-
munity and adaptive immunity against mycobacteria [19]. Activated
DCs are not only critical for the induction of primary immune re-
sponses, but also be important for the regulation of T cell-mediated
immune response [20]. In the course of maturation, DCs usually express
increased amounts of adhesion molecules such as CD80 and CD86 [21].
Our result showed that DCs were significantly activated with H37Rv
LAMs, in terms of CD80 and CD86 expression. When compared to DCs
stimulated by H37Rv, only CD86 were significantly induced by
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QGD101 LAMSs. For M. smegmatis mc*155 LAMs, the expression of CD80
and CD86 were not induced after stimulation. It was clear that there
was an obvious difference in pathogenicity between non-tuberculous
mycobacteria (M. sp. QGD101 and M. smegmatis mc®155) and M. tu-
berculosis H37Rv. These data indicated that the variation of glycan
pattern among these LAMs was responsible for different effects on DC
maturation.

4.3. Cytokine production on DCs

The mature DCs activated by mycobacterial antigens can produce
inflammatory cytokines, such as IL-6, IL-12 and TNF-a, which mediate
the protective immune against mycobacterial growth in a different
manner [22]. During the mycobacterial infection, IL-6 and IL-12 are
necessary to induce an acquired-immunity interferon (IFN)-y response
from T cells [23]. IL-6 generally induces the generation of Th17 cells
from naive T cells, which is a key player in the immunity to extra-
cellular bacterial infections [24]. And, IL-12p40 and IL-12p70 are two
biologically active forms of IL-12 [25]. IL-12p70 is involved in the
differentiation of naive T cells into Th1 cell, which plays a vital role in
the immunity to intracellular bacteria [26]. Recent evidence suggested
that the IL-12p40 was more important to the generation of protective
responses to mycobacterial infection than the IL-12p70 [27]. In addi-
tion, TNF-a is also an important modulator of early inflammatory
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Fig. 3. The Production of CD80 and CD86 on DCs exposed to LAMs. (A) CD80 and CD86 were analyzed by flow cytometry. (B) The expression of CD80 and CD86 was
compared between control and various experimental groups. The data represent means * SD of three independent experiments. *p < 0.01 was considered to be
statistically significant compared to the control column. The value of n.s. was defined as no significant effect.

responses to infection with Mtb [28]. Several studies had shown that
animals in which TNF had been neutralized were more susceptible to
primary TB disease after mycobacterial infection [29,30].

In this study, M. tuberculosis H37Rv LAMs induced a strong cytokine
response in DCs, such as IL-6, IL-12p40 and TNF-a release (Fig. 4). The
moderate but significant increases for IL-6, IL-12p40 and TNF-a were
also observed in DCs after stimulation by M. sp. QGD101 LAMs (Fig. 4).
Thus, it was reasonable to assume that LAMs of H37Rv and QGD101
would further promote the activation of T cell by these cytokines in-
duced from DCs. But for M. smegmatis mc>155 LAM, it seemed to be
limited to trigger all cytokines release from DCs, which just reflected its
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poor ability to induce DC maturation.

As expected, three types of LAMs from M. tuberculosis H37Rv, M. sp.
QGD101 and M. smegmatis mc*155 had the different stimulatory ca-
pacity. Especially for H37Rv and QGD101 LAMs, they might elicit host
immune response by promoting Th17 differentiation for defense against
extracellular mycobacteria during the early stage of mycobacterial in-
fection.

In addition, the production of cytokines was augmented when DCs
were treated with LAMs together with CFPs as compared to DCs ex-
posed to LAMs alone. Similar trends were also observed on DCs treated
with mycobacterial cells. This finding suggested that different receptors
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on DCs might be involved in the LAM-induced response as compared to
other antigens-driven cytokine responses, such as CFP- receptor and
other cell wall related receptors in mycobacterial cells.

4.4. The surface expression of DC receptors

DCs have an important function to recognize and transfer antigen
information from the outside to the cells of the adaptive immune
system, which relies on pattern recognition receptors (PRRs) that are
expressed on the cell surface of DCs. C-type lectin receptors (CLRs) that
identified as PRRs can recognize glycan structures present on the pa-
thogens [31]. Among CLRs, there are three main receptors recognizing
mannose residues exposed on pathogens or pathogenic structures, such
as mannose receptor (MR), the murine dendritic cell-specific inter-
cellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN), and
dendritic cell-associated lectin-2 (Dectin-2) [32,33]. The spectrum of
carbohydrates recognized by these ‘mannose-specific’ lectins may be
quite different. MR had eight conserved carbohydrate-recognition do-
mains (CRDs), which had preferred specificity for terminal mannose-
residues [34]. DC-SIGN exhibited broader specificity for internal man-
nose structures [35]. Dectin-2 exhibited weak interactions to some of
the terminal mannose, which showed a lower affinity for mannose
binding compared with the other two lectins [36].

Despite the apparent similarities in the mannose recognition of
these receptors, they displayed a distinct response capability when
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different mycobacterial LAMs were used in the stimulation assay. In this
study, we analyzed the transcriptional responses of MR, Dectin-2 and
DC-SIGN after LAM stimulus in DCs. As expected, M. smegmatis mc>155
LAMs exhibited no significant inductive activity for all these receptors,
which represent the weak binding specificity with these receptors. In
contrast, LAMs derived from M. sp. QGD101 and M. tuberculosis H37Rv
significantly up-regulated the expression of MR after stimulation (Fold
change > 1.5). Interestingly, these two types of LAMs significantly in-
hibited the expression of Dectin-2 but simultaneously induced the ex-
pression of DC-SIGN at 24 h post stimulation compared to the early
stage at 6 h (Fig. 5). This indicated that DC-SIGN on DCs played a more
important role in the detection of internal mannosyl moiety in LAMs
during the late stage of stimulation than Dectin-2.

In summary, we report that three types of LAMs with different
mannosylated structures show divergent effects on the maturation of
mouse DCs and their cytokine responses, as well as triggering different
expression of surface receptors on DCs. H37Rv and QGD101 LAMs that
are full of capping mannose residues always induce the positive im-
mune responses with regard to the cytokine production and receptor
expression, but M. smegmatis mc®155 LAM exhibits no significant sti-
mulating activity. It is conceivable that the amount and scaffold of
mannose in the LAM may be a crucial factor in determining the dif-
ferential response of the immune system. Although our knowledge of
these signaling events triggered by LAMs on DCs remains limited, we
demonstrate here a direct correlation between the structural differences
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Fig. 5. Expression of MR, Dectin-2 and DC-SIGN of DC under LAMs stimulus for 6 h and 24 h. (A) MR mRNA expression. (B) Dectin-2 mRNA expression. (C) DC-SIGN
mRNA expression. The bars represent the fold-change related to the control group (untreated DCs at 6 h or 24 h) which is set to 1. The data represent means + SD of
three independent experiments. Statistically significant differences are labeled with an asterisk (*p < 0.01). Horizontal lines indicate significant differences between

treatment groups.

in mycobacterial LAMs and their immunomodulatory activities on DCs.
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