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ABSTRACT: Because Mycobacterium bovis, termed bacillus
Calmette—Guérin (BCG), the only available used tuberculosis
(TB) vaccine, retains immunomodulatory properties that limit
its protective immunogenicity, there are continuous efforts to
identify the immunosuppression mechanism as well as new
strategies for improving the immunogenicity of BCG. Here, an
ssDNA aptamer “antibody” BM2 specifically bound to the
mannose-capped lipoarabinomannan (ManLAM) of BCG was
selected. BM2 significantly blocked ManLAM-—mannose
receptor (MR) binding, triggered ManLAM—CD44 signaling,
and enhanced M1 macrophage and Th1 activation via cellular
surface CD44 in vitro and in vivo. BM2 enhanced
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immunoprotective effects of BCG against virulent Mycobacterium tuberculosis H37Rv infection in mice and monkeys models.
Thus, we report a new mechanism of the interaction between ManLAM and CD44 on macrophages and CD4" T cells and reveal
that ManLAM-binding membrane molecule CD44 is a novel target for the enhancement of BCG immunogenicity, and BM2 has

strong potential as an immune enhancer for BCG.

B INTRODUCTION

Tuberculosis (TB) is the leading cause of death by infectious
disease in the world. One-third of the world’s population is
infected with Mycobacterium tuberculosis (M. tb). The World
Health Organization estimates that approximately 9.6 million
new TB cases occur in each year worldwide' and 1.5 million
deaths occurred worldwide; 3.3% of these cases resulted from
multidrug-resistant tuberculosis (MDR-TB) and extensively
drug-resistant tuberculosis (XDR-TB) strains and emerged in
patients infected with the human immunodeficiency virus.' ™
An attenuated strain vaccine of Mycobacterium bovis, termed
bacillus Calmette—Guérin (BCG), the only available used TB
vaccine, has been used globally for protection against childhood
and disseminated TB. However, its efficacy at protecting against
pulmonary TB in adult and aging populations is highly
variable.”” The immune response generated by BCG
vaccination is incapable of sterilizing the lung after M. tb
infection, as indicated by the large proportion of individuals
with latent TB infection that have received BCG.’ BCG retains
immunosuppressive properties from its pathogenic parent that
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limit its protective immunogenicity, which might be related to
its limited protective efficacy as a vaccine against TB. However,
the immunosuppression mechanism of BCG remains unclear
and needs to be further elucidated for the development of new
strategies for TB prevention.

Mannose-capped lipoarabinomannan (ManLAM) is a lip-
oglycan serving as a major cell wall component in both BCG
and virulent M. tb. For years, ManLAM has been considered a
key immunosuppression factor that facilitates virulent M. tb
immune escape, as evidenced by its interference with host cell
recognition, phagosome maturation in macrophages, dendritic
cell (DC) maturation, and CD4" T cell activation in vitro, and
ManLAM plays an important role in the pathogenesis of
TB.””'* Macrophages are the primary host cells of M. tb.”
Increasing evidence has revealed that macrophages are
regulated by M. tb to allow these bacteria to survive and
replicate in cells for an extended period prior to complete
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Figure 1. BM2 specifically binds to ManLAM of BCG. (a) ManLAM extracted from BCG was analyzed by SDS—PAGE (visualized by glycogen
staining) and Western blot: lane 1, BCG ManLAM,; lane 2, marker. (b) After 12 rounds of screening against ManLAM, ssDNA pools from each
round were analyzed for their binding to ManLAM by ELONA. Two micromolar aptamers pools (labeled with biotin) were incubated in wells
coated with ManLAM (40 pg/mL in PBS). (c) Binding of the single aptamers BM1—BMS8 to ManLAM. A 2 uM portion of each single aptamer
BM1-BMS8 (labeled with biotin) was respectively incubated in wells coated with ManLAM. (d) ELONA analysis of the binding of BM2 to
ManLAM. Various concentrations (1, 2, 4, 8, 16, 32, 64, 128, and 512 nM) of BM2 (labeled with biotin) were incubated in wells coated with
ManLAM. (e) Soluble ManLAM inhibited BM2 binding to ManLAM coated on the well. The K, (d) and K; (e) values were calculated as described
previously. (f) Prediction of the secondary structures of BM2, BM1, and BM4. All data in parts b—e are shown as the means + SEM (n = 3).

activation of protective innate and adaptive immune
responses.”' "> However, the mechanisms of ManLAM that
are involved with macrophage biology are not completely
understood.

Aptamers are single-stranded oligonucleotides with a length
of tens of nucleotides and are generated by an in vitro selection
process called systematic evolution of ligands by exponential
enrichment (SELEX).">'® SELEX is an oligonucleotide-based
combinatorial library approach that has been extensively used
to isolate high-affinity ligands (called aptamers) for a wide
variety of targets. Aptamers fold into particular structures to
bind to target molecules such as sugars, lipids, proteins, or
cells.'” There are several potential advantages of aptamers over
antibodies, such as being of a smaller size, having higher
specificity and affinity than antibodies, undergoing easier
chemical modifications, having greater stability, being better
candidates for cell penetration, and having easier and more
economical production methods, and aptamers have been used
in numerous investigations as therapeutic or diagnostic
tools.”>~"” More importantly, as a lipoglycan, ManLAM is a
poor immunogen,'” and generation of antibody against
ManLAM is more difficult than generation of antibody against
conventional protein antigens. So we selected aptamer against
ManLAM in our study.

Here we used SELEX to generate an ssDNA aptamer BM2
that specifically bound to ManLAM from BCG. We report the
discovery of binding of ManLAM of BCG to both CD44 and
mannose receptor (MR) on macrophages. Interestingly, BM2
blocked ManLAM—MR binding, triggered ManLAM—CD44
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binding, and enhanced macrophage M1 polarization and
inflammatory cytokines production via up-regulation of CD44
signaling and down-regulation of MR signaling in macrophages.
BM2—ManLAM also stimulated Thl and Th17 cells via CD44
on CD4" T cells. BM2 significantly enhanced the M. tb antigen-
presenting activity of macrophages and DCs for naive CD4"
Th1 cell activation. Furthermore, we demonstrate the immune
enhancer and immunoadjuvant potentials of BM2 with BCG
against virulent M. tb H37Rv infection in mice and rhesus
monkeys models.

B RESULTS

High-Affinity ssDNA Aptamers against ManLAM from
BCG Are Generated by SELEX. On the basis of the different
structures of ManLAM among different Mycobacteria, we
isolated ManLAM from BCG. The ManLAM from BCG was
purified and identified by SDS—PAGE by glycogen staining and
Western blot analysis (Figure 1a). Due to the low
immunogenicity of ManLAM, we screened aptamer “antibody”
against ManLAM by SELEX. To initiate the selection, a
random ssDNA library (approximately 10** aptamers) was
utilized. The ssDNAs (98 mer) that bound to ManLAM coated
on the well were selected, and candidate aptamers were
enriched at each selection round by PCR amplification.
Enrichment of the selection pool through successive rounds
of selection was monitored by ELONA (enzyme-linked
oligonucleotide assay; see Figure 1b). As shown in Figure 1b,
the binding abilities of aptamer pools were increased from
round 2, the binding capacity of the 10th and 11th pools was
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Figure 2. ManLAM binds to both CD44 and MR on macrophages. (a) Left: ManLAM—beads pull-down experiment with membrane extract of
mouse peritoneal macrophages, where specific bands were identified by MALDT-TOF-MS. Right: ManLAM pull-down specific bands were
identified by immunoblot of CD44. (b) BM2 did not inhibit ManLAM binding to CD44. Left: The ELISA plate was coated with 1 ug/100 uL
ManLAM, and 400 nM bio-BM2 and 400 nM CD44-Fc protein were added into ManLAM-coated wells. The binding of bio-BM2 to ManLAM was
determined by ELISA. Right: CD44-Fc and BM2 were added into ManLAM-coated wells. The binding of CD44-Fc to ManLAM was determined by
ELISA. (c) ManLAM—beads pull-down experiment and immunoblot with anti-MR. (d) Binding of ManLAM to MR was blocked by BM2. Left: The
ELISA plate was coated with ManLAM; 400 nM bio-BM2 and 400 nM His-MR protein were added into ManLAM-coated wells. The binding of bio-
BM2 to ManLAM was determined by ELISA. Right: BM2 and His-MR were added into ManLAM-coated wells. The binding of His-MR to
ManLAM was determined by ELISA. (e) MR peptides inhibited binding of BM2 to ManLAM. (f) The binding sites of ManLAM for MR and CD44
are different. Left: ManLAM (1 pg/100 uL) was incubated with bio-BM2 (400 nM) or CD44-Fc (400 nM) in the MR-coated wells. Right: ManLAM
(1 pug/100 puL) was incubated with bio-BM2 (400 nM) or His-MR (400 nM) in the CD44-coated wells. HRP—streptavidin or HRP—anti-His was
added, respectively, for color development. All data in parts b and d—f are shown as the means + SEM (n = 3).

close to saturation, and the affinity of the 12th pool was region (N31) in ssDNAs represented random oligonucleotides
decreased probably because the 12th pool showed increased based on equal incorporation of A, G, C, and T at each
specificity but decreased sequence diversity compared with the position, resulting in the diversity of ssDNAs. As shown in
former pools as the SELEX progressed. Compared with other Figure 1f, the central N31 region of single BM2 aptamer was
pools, the 10th ssDNA pool showed the strongest binding located at the terminal loop of the stem—loop structure, while

ability for ManLAM (Figure 1b). The 10th ssDNA pool was the central N31 regions of BM1 and BM4 were located in the
then cloned into pUC19 and individual clones were randomly helices. These suggest that BM2 might bind to ManLAM via
selected and sequenced. Among these aptamers, BM2 showed the BM2’s terminal loop made up by its central N31 region.

the highest ability to bind to ManLAM and BCG (Figure lc— Aptamer BM2 against ManLAM Specifically Binds to
e), which has a Kj value of 8.59 + 1.23 nmol/L (Figure 1d). ManLAM of BCG in Vitro. To validate the binding specificity
BM1 showed the weakest binding to ManLAM and then was of BM2, a BCG ManLAM mutant strain BCGA2196 (Figure
used as irrelevant aptamer control (Figure 1c—e). As shown in Sla, SI) that lacked the mannose cap of ManLAM was

Figure le, in the presence of about 2.5 pmol/L soluble constructed and identified by SDS—PAGE and gas chromatog-
ManLAM, binding of BM2 to ManLAM coated on the well was raphy (Figure S1b—e, SI). BCG2196 gene encodes the enzyme

reduced to 50% (half-maximal inhibitory concentration, ICy, = responsible for the synthesis of ManLAM. When this gene was
2.5 pmol/L). We used GraphPad Prism (GraphPad Software, deleted in BCGA2196, the mutant bacteria bound to less
San Diego, CA) to perform nonlinear curve-fitting analysis. The concanavalin A (ConA) (a lectin which specifically binds to
K; (the inhibition constant) of BM2 was estimated to be 10.34 mannose) compared with BCG according to flow cytometry

+ 0.27 nmol/L (K, of BM1: 76.1 = 3.4 nmol/L). Regarding the (FCM) analysis (Figure S2ab, SI). Then, we used various
relationship between K; and K, {K; = ICs,/(1 + ([L]/Ky))," bacteria, including BCG, BCGA2196, Mycobacterium smegma-

where [L] is the concentration of the biotin-labeled BM2 used], tis, M. tb H37Rv, Mycobacterium marinum, Mycobacterium
the evaluated K, value was in the range between 6.13 and 10.48 intracellulare, Mycobacterium avium, Staphylococcus aureus,
nmol/L, which was closely consistent with the calculated Ky of Salmonella typhimurium CS, Escherichia coli DH Sa, and
8.59 + 1.23 nmol/L, as shown in Figure 1d. Salmonella typhi Ty2la, to assess the binding specificity of

The secondary structures of the selected single ssDNA BM2. As shown in Figure S2¢ (SI), BM2 bound to much more
aptamers BM2, BM1, and BM4 in the 10th round ssDNA pool BCG than to the other bacteria, including BCGA2196 and the
were predicted by DNAMAN [version 3.2, Lynnon Biosoft; virulent strain H37Rv. These results suggest that BM2
Table S1 of the Supporting Information (SI) and Figure 1f]. In specifically binds to the mannose caps of BCG ManLAM.
the initial ssDNA library for the SELEX procedure, the central Soluble BCG ManLAM acted in a dose-dependent manner to
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Figure 3. BM2 enhances macrophage M1 polarization. (a) The expression of iINOS of RAW264.7 cells was determined, after being stimulated as
indicated for 24 h, by Western blot. The quantification of the iNOS from Western blot image is presented. (b) NO production was determined by
nitric oxide assay after being stimulated as indicated for 24 h. (c) BM2 further enhanced iNOS expression in the MR knockdown macrophage cells.
RAW?264.7 cells were transfected with pSilencel.0-U6-MR-shRNA/MR-shRNA-scr. After 48 h, the cells were stimulated as indicated for 24 h. (d and
e) BM2-promoted M1 macrophage polarization was inhibited by CD44—shRNA. RAW264.7 cells were transfected with pSilencel.0-U6-CD44-
shRNA/CD44-shRNA-scr. After 48 h, the cells were stimulated as indicated for 24 h. (f) BM2-promoted M1 macrophage polarization in vivo. Mice
were immunized as indicated. At day 7 post-immunization, macrophages in broncho-alveolar lavage fluid (BALF) and the peritoneal cavity were
collected. The iNOS expression was determined by FCM analysis. (g) BM2-promoted M1 macrophage polarization was inhibited by CD44—shRNA
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and CD44 knockdown macrophages were adoptively transferred into the mice. The iNOS expression of macrophages on day 7 was analyzed by

FCM. The data in parts a—e are shown as the means + SEM (n = 3). The data in parts f and g are shown as the means + SEM (n = 6).

inhibit BM2 binding to BCG bacteria (Figure S2d,e, SI). To
validate BM2 sensitivity, the binding of BM2 to various
concentrations of BCG was determined (Figure S2f, SI). BM2
showed high sensitivity and enabled the detection of BCG with
a broad dynamic range. Even 1 X 10* cfu/100 uL of BCG could
be detected by BM2 (Figure S2f, SI).

BM2 Specifically Targets and Binds to BCG in Vivo in
a Dose-Dependent Manner. To investigate whether BM2
binds to BCG in vivo, a mixture of the fluorescent dyes AF680-
labeled BM2 and Dir-labeled BCG was intravenously (iv.)
injected by tail vein into mice. The BM2—BCG complex was
formed prior to injection, and 1 h after injection, BM2 coated
on BCG could be detected by ex vivo fluorescent imaging of
the lungs (Figure S3a, SI). BM2 alone was not detected by
imaging because of its small size (Figure S3a, SI). We did not
detect either the control aptamer BM1 binding to BCG or BM2
binding to the control bacteria H37Ra (Figure S3a, SI). BM2
aptamer bound to BCG in a bacterial dose-dependent manner,
and even a small amount of BCG (5 X 10* cfu) could be clearly
targeted and detected by S M of the BM2 aptamer in mice
(Figure S3b, SI).

To determine the stability of the BM2—BCG complex in
vivo, mice were injected with a mixture of Dir-BCG and
AF680-BM2. The BM2—BCG complex could be detected and
remained stable for at least 30 days in vivo (Figure S3c, SI).
Then, we determined how long BCG was retained within the
lung in vivo. At 1, 10, 20, 30, 60, and 90 days after Dir-BCG
injection, AF680-BM2 was injected into the mice 1 h before
detection (Figure S3d, SI). BCG could be detected in the lung
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(Figure S3d, SI) and spleen (data not shown) even 90 days
after BCG injection, indicating that BM2 could track and bind
to lung-resident BCG. These data demonstrate that BM2
specifically targets and binds to BCG in vivo. Here, the ssDNA
aptamer from the ssDNA—ManLAM complex is more resistant
to degradation, probably because the ManLAM molecule in the
complex can hinder nucleases binding to and cleaving the
ssDNA aptamer.

ManLAM Binds to Both CD44 and MR on Macro-
phages. To search for potential membrane proteins of
macrophages for BCG-ManLAM binding, we performed pull-
down assays with ManLAM-coated magnetic beads, followed
by mass spectrometry (MS) analysis (left panel in Figure 2a).
The SDS—PAGE analysis of membrane extract suggests that
the molecular weight of proteins with the highest abundance
are between 72 and 95 kDa (Figure S4, SI). Data from the
ManLAM—beads pull-down experiment also showed that the
72—9S5 kDa proteins pulled by ManLAM-—beads had the
highest abundance (Figure 2a). Therefore, these 72—95 kDa
proteins pulled by ManLAM—Dbeads were then analyzed by MS.
CD44, a major cell surface receptor, was identified as a novel
ManLAM-associated protein.

The binding of ManLAM to CD44 was confirmed by
immunoblot (right panel in Figure 2a). Both soluble CD44
protein and BM2 simultaneously bound to ManLAM, and
soluble CD44 did not block BM2 binding to ManLAM,
suggesting that the binding sites of ManLAM for these two
molecules are different (Figure 2b). These also indicate that
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BM2 and CD44 do not share an overlapping binding site on
ManLAM (Figure 2b).

It has been reported that ManLAM of M. tb H37Rv is
recognized by MR on macrophages.”’ The binding of BCG—
ManLAM to MR was identified by pull-down assays with
ManLAM-coated magnetic beads (Figure 2c). Soluble MR
protein disrupted the binding of BM2 to ManLAM (left panel
in Figure 2d), and BM2 inhibited the binding of MR protein to
ManLAM in the competition assay (right panel in Figure 2d).
To further confirm the competition between BM2 and MR for
binding to ManLAM, MR peptide competitors were used in an
ELONA assay (Figure 2e). For competitors, we used the
potential binding sites of MR or the dendritic-cell-specific
intracellular adhesion molecule 3 (ICAM-3)-grabbing non-
integrin (DC-SIGN) as described previously.”"””” The peptides
of mouse mMRpl [from the cysteine-rich domain of mouse
MR(Cys-MR)] and MRp2 (conserved amino acids from a
carbohydrate-recognition domain CRD4 for both human and
mouse MR) significantly blocked the interaction between BM2
and ManLAM in a dose-dependent manner, while human
hMRp1 (from the membrane-distal Cys-MR of human MR)
and the control peptides DC-SIGNp1 and DC-SIGNp2 (both
from the C-type lectin domains of human DC-SIGN) slightly
inhibited BM2 binding (Figure 2e and Table S2, SI). BM2—
ManLAM binding was inhibited by approximately 60% in the
presence of 0.5 uM of peptide competitors (mMRp1 or MRp2)
and approximately 85% in the presence of the highest
concentration of peptide competitors (25 M) from MR
(Figure 2e). When biotin-labeled BM2 aptamer bound to
ManLAM, it could not bind to MR (Figure 2f). But ManLAM
could further bind MR even after ManLAM bound to CD44
(Figure 2f). These results suggest that BM2 and MR may share
a partial binding site on ManLAM and that the binding sites of
ManLAM for MR and CD44 are different (Figure 2f).

Collectively, these data demonstrate that BM2 interferes with
binding of ManLAM to MR but does not inhibit binding of
ManLAM to CD44.

BM2—-ManLAM Promotes M1 Macrophage Activation
and Polarization and Inflammatory Cytokines Produc-
tion. Activated macrophages are often classified as either
classically activated M1 or M2 macrophages.” Inducible nitric
oxide synthase (iNOS) is a hallmarker for M1 macrophages,
and expression of iNOS is necessary for improved resistance to
TB.** The actions of iNOS and the production of NO correlate
well with antimycobacterial defense in murine models of TB
infection.” To examine the effects of BCG ManLAM and BM2
on the polarization of M1 macrophages, we assessed macro-
phage polarization in the murine macrophage cell line
RAW264.7.

RAW264.7 cells were stimulated by LPS combined with
BCG/ManLAM+BM2. BM1 and ODN1826 (oligodeoxynu-
cleotides) were used as ssDNA controls. ODN1826 has been
chosen as a broadly nonspecific immune enhancer control.”® As
shown in Figure 3a, BCG/ManLAM alone slightly elevated
iNOS expression in RAW264.7 cells. INOS and NO
expressions were significantly up-regulated in the presence of
BCG+BM2 or ManLAM+BM2 compared with the BCG/
ManLAM, BCG+BM1, or ManLAM+BM1 and
BCGA2196+BM2 groups (Figure 3a—c, Figure SSa, SI).
There was no significant difference in iNOS and NO
expressions between the BCGA2196 and BCGA2196+BM2
groups (Figure 3a—c). These results suggest that BM2 binding
to ManLAM elevates iINOS and NO productions of macro-

phages. Additionally, BM2 may induce iNOS and NO more
efficiently than ODN1826 (Figure 3a,b). No significant
difference of arginase-1 (Arg-1) expression was observed
between the ManLAM+BM2 group and other groups (data
not shown).

M1 macrophages often increase production of inflammatory
cytokines such as IL-12 and IL-18.*" IL-1 confers host
resistance to M. tb through the induction of eicosanoids that
limit excessive type I interferon (IFN) production and foster
bacterial containment.”® In contrast, M2 macrophages often
produce anti-inflammatory cytokine IL-10.>> Cytokine produc-
tion caused by BM2 in RAW264.7 cells was determined by
ELISA. As shown in Figure SSb—d (SI), BM2 enhanced IL-
12p70 (Figure SSb, SI) and IL-15 (Figure SSc, SI) cytokines
production but decreased IL-10 (Figure SSd, SI) production in
the BCG+BM2 or ManLAM+BM?2 group.

BM2—ManLAM Activates M1 Macrophage and En-
hances the Antigen Presentation Ability of Macro-
phage. Next, we further investigated the possible roles of
CD44 and MR in BM2-induced M1 polarization. When MR
was silenced in macrophages by MR—shRNA, we found that
BM2 further increased iNOS expression in the ManLAM-
treated and MR—shRNA-transfected RAW264.7 cells com-
pared with the shRNA scramble (shRNA-scr) control group
(eighth and ninth columns from left to right in Figures 3c and
S6a, SI). There is no difference in iNOS expressions of
macrophage between the MR—shRNA group and MR—shRNA
scr group in the absence of ManLAM binding and stimulation
(second and third columns from left to right, Figure 3c). These
suggest that ManLAM stimulates iNOS expression when MR is
silenced and indicates that ManLAM negatively regulates iNOS
expression via MR.

Considering ManLAM binding to CD44 (Figure 2a), we
assessed the effects of ManLAM—CD44 binding on the
macrophages. When CD44 was silenced in macrophages by
CD44—shRNA, iNOS expression (Figure 3d and Figure S6b)
and NO production (Figure 3e) were significantly decreased in
the presence of BM2 plus ManLAM compared with the
CD44—shRNA-scr group. These data suggest that the
interaction of BCG—ManLAM with BM2 triggered Man-
LAM—-CD44 signaling and enhanced M1 macrophage
activation via up-regulation of CD44 and down-regulation of
MR signaling, as evidenced by positively regulating the INOS
and NO expressions.

We further verified BM2-enhanced M1 macrophage
activation and polarization in vivo. Mice were immunized
with BM2+BCG. At day 7 and day 30 post-immunization, FCM
analysis showed that iNOS expressions of macrophages in both
BALF and peritoneal cavity were significantly increased in the
BCG+BM2 group compared with other groups on day 7
(Figure 3f) and day 30 (Figure S6c, SI).

Further, CD44—shRNA-transfected macrophages labeled by
carboxyfluorescein diacetate succinimidyl ester (CFSE) dye
were transferred into macrophage-depleted mice, as shown in
Figure 3g. The polarization of murine macrophages was
evaluated 7 days after adoptive transfer (Figure 3g). Consistent
with in vitro results, much higher expression of iNOS in
CFSE'F4/80" macrophages was observed in the BCG+BM2
treated group compared with the BCG group (Figure 3g).
However, adoptive transferring of CD44—shRNA—macro-
phages caused much lower iNOS expression of CFSE*F4/80"
macrophages in the BCG+BM2-treated group than those of the
CD44—shRNA-scr-treated group (Figure 3g).
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Figure 4. BM2 promotes Thl cell polarization and enhances immunogenicity of BCG in mice. At day 0, mice were immunized as indicated. At day
30 post-vaccination, mice were sacrificed and immune cells from lymph were prepared for FCM analysis. (a) BM2 improved the homing of DCs to
lymph nodes upon BCG vaccination. CD11c* DCs in the lymph nodes were determined by FCM. (b) BM2 enhanced the IL-12 production but (c)
decreased IL-10 production by CD11c* DCs in lymph nodes upon BCG vaccination. (d) BM2 enhanced the IFN-y production but (e) decreased IL-
4 production by CD4" T cells upon BCG vaccination. (f) BM2 enhanced the T-bet but (g) decreased Gata-3 expression in CD4" T cells upon BCG
vaccination. The regulatory cells, (h) Tregs and (i) IL-10 producing B cells (Bregs) were decreased in BCG+BM2. All data are shown as the means

+ SEM (n = 6).

Moreover, the expressions of CD44, MHC-II, and cost-
imulatory molecule CD83 on RAW264.7 cells were up-
regulated by ManLAM/BCG in the presence of BM2 but not
BM1 (Figure S7ab, SI). Blockage of ManLAM binding to
CD44 by anti-CD44 antibody virtually eliminated the BM2-
induced enhancement of MHC-II and the costimulatory
molecule CD83 on ManLAM-treated RAW264.7 cells (Figure
S7b, SI).

All these data suggest that BM2 may activate M1
macrophage in vitro (Figure 3d,e) and in vivo (Figure 3g)
and enhance the antigen presentation ability of macrophages, as
evidenced by increased MHC-II, costimulatory molecule
expression as well as increased iNOS and IL-12/IL-1p
expression and decreased IL-10 expression via BM2—
ManLAM—CD44 interaction.

BM2—-ManLAM Stimulates Th1 and Th17 Cells via
CD44 on CD4" T Cell in Vitro. CD44 was previously
reported to be expressed on T cells and involved in cellular
functions such as lymphocyte activation and recirculation.*® We
further examined the effects of ManLAM—CD44 binding on T
cell activation in the presence of BM2. CD4" naive T cells were
activated with anti-CD3 antibody and anti-CD28 antibody in
the presence of ManLAM (with or without BM2). We found
that ManLAM and/or BM2 did not change the surface CD44
expression level of CD3"CD4" T cells (Figure S8a, SI). In the
presence of BM2, ManLAM significantly enhanced the
intracellular INF-y and IL-17A productions and decreased IL-
10 production of CD3*CD4* T cells (Figure S8b,d,e, SI).
Compared with anti-CD44 isotype group, addition of anti-
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CD44 alone caused reduction of the IFN-y and IL-17A
production by CD4" T cells (third column from left to right vs
fourth column, Figure S8b,d, SI). However, addition of anti-
CD44 caused further reduction of the IFN-y and IL-17A
production by the CD4" T cells treated with ManLAM and
BM2 (sixth column from left to right vs seventh column, Figure
S8b,d, SI). ManLAM alone slightly down-regulated the
productions of intracellular IFN-y, IL-4, and IL-17A cytokines
but increased intracellular IL-10 production of CD3*CD4* T
cells (Figure S8b—e, SI), which indicate that ManLAM alone
has immunosuppressive effects on T cells. IL-4 production was
not changed when the cells were subject to BM2+ManLAM
treatment (Figure S8c, SI). When anti-CD44 antibody was used
to block the ManLAM—CD44 binding, the IL-10 reduction
caused by BM2 was not affected by anti-CD44 (Figure S8e, SI).
IEN-y secretion is a hallmark of Th1 cells, while IL-4 is secreted
mainly from activated Th2 cells. IL-17 secretion is a hallmark of
Th17 cells. Elicitation of Thl and Th17 immunity contributes
to M. tb elimination in host.’’ Our data demonstrate that
BM2—ManLAM stimulates Thl and Th17 cells via CD44 on
CD4" T cells in vitro.

BM2 Enhances Immunogenicity of BCG in Mice. Our
data (Figure 3) has shown that BM2 activates M1 macrophage
in vitro and in vivo. We further evaluated the BM2 effects on
DCs and Thl cells in BCG-immunized mice. Balb/c mice were
immunized with BCG+BM2 once. At day 30 post-immuniza-
tion, immune cells from lymph nodes were prepared and
assessed for their response to M. tb antigens (heat-inactivated
bacteria). We found more DCs in the lymph nodes from the
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Figure 5. BM2 increases protective efficiency of BCG against M. th H37Rv infection in mice. On week —4, BALB/c mice were vaccinated with BCG
+ BM2/BM1/ODNI1826, BCG, or BCGA2196 once. On week 0, the mice were aerogenically challenged with M. tb H37Rv (100 cfu per mouse).
On week 4, the mice were sacrificed, and M. tb cfu assay, acid-fast stain analysis, and histopathological analyses were performed. M. tb cfu assay in
spleens (a) and in lungs (b). All data for parts a and b are shown as the means + SEM (n = 6). (c) The lung tissue sections were analyzed with
Ziehl—Neelsen acid-fast stain (1000X). Black arrows represent the bacteria. Lung (d) and spleen (e) tissue sections were stained with hematoxylin
and eosin (H&E) and evaluated by light microscopy (100x). The arrows indicate the pulmonary lesions (d) and the WP/RP in spleen tissue

sections (e).

BCG+BM2 group compared with other groups, suggesting that
immunization with BCG+BM2 recruited much more CD11*
DCs to migrate into the lymph nodes by day 30 after
immunization (Figure 4a). As shown in Figure 4, DCs in the
BCG+BM2 group enhanced IL-12 production (Figure 4b) but
decreased IL-10 production (Figure 4c) by day 30 after
immunization. This indicates that BM2 may also activate DCs
and enhance the antigen presentation ability of DCs in BCG-
immunized mice.

We also determined that IFN-y-producing CD4" T cells
increased best in the BCG+BM2 group compared with other
groups (Figure 4d). However, IL-4-producing CD4* T cells
from the spleen decreased in the BCG+BM2 group compared
with the BCG, BCG+BMIl, or BCGA2196+BM2 groups
(Figure 4e). Consistent with the cytokine production, the
expression of Thl transcription factor T-bet (Figure 4f) in
splenic CD4" T cells increased, but the Gata-3 expression of
Th2 transcription factor (Figure 4g) decreased in the BCG
+BM2 group. These results indicated that when combined with
BM2, the BCG vaccine polarized T cell response toward a Thl
cellular immune response by the enhanced IFN-y expression.
No significant difference was observed between the BCGA2196
and BCGA2196+BM2 groups (Figure 4a—g). In addition, Treg
and Breg cells were decreased in the BCG+BM2 group
compared with the BCG+BM1 and BCG groups (Figure 4h,i).
These data suggested that BCG+BM2 vaccination significantly

enhanced Thl-type immune response and induced stronger
immunogenicity of BCG.

BM2 Increases Protective Efficiency of BCG against M.
tb H37Rv Infection in Mice and Monkeys. To evaluate the
effects of BM2 on BCG-immunized mice during M. tb
infection, the immunized mice were challenged with M. tb
H37Rv by aerosol. We used ODN1826 as the positive control
adjuvant of BCG. ODN1826 is a CpG oligodeoxynucleotide
that is a toll-like receptor (TLR) 9 ligand, induces the Th1-type
immune response, and is widely used as a nonspecific efffective
immune enhancer and vaccine adjuvant.”® When we adminis-
tered BCG/BCG+BM2 (0.5 nmol BM2 per mouse) or BCG
+ODN1826 (10 nmol ODN1826 per mouse) once into each
mouse, we found that immunization with BCG+BM2 or BCG
+ODN1826 significantly reduced M. tb H37Rv colony-forming
units (cfu) in mouse lung (Figure Sa) and spleen (Figure Sb)
after 30 days of infection. Acid-fast stain analysis also showed
few bacteria in the BCG+BM2 groups (Figure Sc). Compared
with the BCG+BM1 and BCG groups, histopathological
analysis of lung alveolar tissue from the BCG+BM2 group
showed that the numbers and size of granulomas were smaller,
and the lung tissue was mostly intact with only mild signs of
alveolitis, a small amount of lymphocyte infiltration, and a few
red blood cells present in connective tissue (Figure Sd).
Necrotic and proliferative granulomas were observed in the
PBS and BM2 control groups (Figure 5d). The lymphoid white
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pulp (WP) and red pulp (RP) in spleen tissues were more
clearly evident in the BCG+BM2 group compared with the PBS
and BM2 control groups (Figure Se).

M. tb pathogenesis and the ability of host immunity to
challenge infection in rhesus monkeys closely mimics the
symptoms of human TB disease.”> Therefore, BM2 was
assessed in a rhesus monkey model of TB. Because of the
expense, a total of eight rhesus monkeys (RM) were used in
three groups (PBS, BCG, and BCG+BM2 groups), and we did
not use statistical analysis to compare data from these three
groups. Prior to infection with M. tb H37Rv, 5 weeks after
immunization, IFN-y production by peripheral blood mono-
nuclear cells (PBMCs) in the BCG+BM2 group was greatly
increased compared with the PBS and BCG groups (Figure
S9a, SI). At week 6, the results of purified protein derivative
(PPD) skin test demonstrated that all monkeys were
successfully infected with virulent M. tb H37Rv (Figure S9b
and Table S3, SI). At week 17 after infection, BCG+BM2
immunization most remarkably reduced the M. tb H37Rv cfu
bacterial load in lungs compared with the BCG group and PBS
control treatment (Figure S9c, SI). Results from computer
tomography (CT) detection for pulmonary tuberculosis
demonstrated that the number of granulomas was fewer and
size of lung lesions was smaller in the BCG+BM2 group
compare with the PBS group (Figure S9d, SI). Lung
histological analysis (Figure S9e, SI) showed pulmonary
granulomatous lesions with leukocyte infiltration in the PBS
group. No granulomatous lesions were found in the pulmonary
parenchyma of either the BCG or BCG+BM2 group (Figure
S9e, SI). Together, these data indicated that vaccination with
BCG+BM?2 induced greater protective anti-TB immunity than
immunization with BCG alone in mice and monkeys.

B DISCUSSION

Aptamers have enormous potential as therapeutics or
diagnostic tools because they exhibit high affinity and specificity
toward recognition targets and inhibit their functions with
minimal or no harmful side effects.’””’ A targeted anti-VEGF
RNA aptamer (Macugen), the first aptamer therapeutic, was
FDA approved in 2005, and a number of novel aptamer-based
therapeutics are currently undergoing clinical trials.”* Our
selected ssDNA aptamer BM2 was demonstrated to be safe
with low toxicity based on in vitro and in vivo toxicity analyses
(Figure S10a—g, SI).

ManLAM antibody treatment and anti-ManLAM aptamer
treatment decrease bacterial loads and dissemination, prolong
survival, and get better disease outcome in animal models of
TB.”>*° It has been reported that ManLAM of M. tb H37Rv
inhibits phagosome maturation in macrophages and acts as
modulators of DC and Thl, while LAM lacking mannose caps
does not exhibit this activity.'***"** BCG mutants alone, which
have a ManLAM-capping deficiency, may not be sufficient to
improve the immunogenicity of BCG.””"" Our present study
demonstrated that BCGA2196 alone was much less effective at
improving M1 macrophage and Thl polarization compared
with BM2+BCG, which suggests that BM2 is much better for
blocking the immunosuppressive effects of BCG mediated by
ManLAM than BCGA2196 alone.

It has been reported that M. tb enhances its survival in
macrophages by suppressing immune responses in part through
activation of peroxisome proliferator-activated receptor y
(PPARy) through a macrophage MR-dependent pathway
induced by M. tb cell wall ManLAM.”® PPARy knockdown in

human macrophages enhances TNF production and controls
the intracellular growth of M. tb.”° Our data showed that BM2
alone specifically interfered with binding of ManLAM to MR
and reduction of INOS expression (Figure. 3), which might
lead to reduced MR-PPARy signaling and contribute to the
control of the intracellular growth of virulent M. tb H37Rv.

There are multiple bands visible in the pull-down experi-
ment, and CD44 is not the only band in this SDS—PAGE gel,
suggesting there are other proteins involved (Figure 2a). It has
been reported that ManLAM can be recognized by several
receptors, including toll-like receptors (TLR2 and TLR4), MR,
DC-SIGN, sphingosine-1-phosphate receptor 1 (S1P1), and
CD1d, as well as dectin-2.>7*'=* In further studies, we will
investigate the effects of binding of ManLAM and various
receptors in macrophages.

BM2 alone plays two roles by blocking binding of ManLAM
to MR and by inhibiting down-regulation of iNOS signaling
(Figure 2), as well as by promoting the interaction of
ManLAM—CD44, CD44 expression, and up-regulation of
iNOS signaling in macrophages. BM2 did not inhibit binding
of ManLAM to CD44 (Figure 2). We reveal a novel mechanism
in which macrophage M1 polarization is triggered by
ManLAM~-CD44 binding and ManLAM aptamer BM2
enhances macrophage M1 polarization via up-regulation of
CD44 and down-regulation of MR signaling and enhances
immunoprotective effects of BCG in both mouse and monkey
models. Further, BM2 maximally induces iNOS expression of
M1 macrophages in MR-knockdown cells (Figure 3). In the
mouse model of vaccination and M. tb challenge, BM2
promotes M1 polarization, migration of DCs to lymph nodes,
and Thl-type immune response in vivo (Figures 3 and 4).
These contribute to the increase protective efficiency of BCG
against M. tb H37Rv infection (Figure Sa—e). Our results
indicate that BCG ManLAM and CD44 are new putative
molecular targets for the improvement of BCG immunogenicity
and immunoproective effects.

After subcutaneous injection, BM2—BCG will be taken up
mainly by antigen-presenting cells, such as DCs and macro-
phages. In our previously published work, we have demon-
strated that enhancement of the M. tb-antigen-presenting
activity of DCs leads to promotion of naive CD4* T cell
activation by using ssDNA aptamer targeting ManLAM purified
from virulent strain M. tb H37Rv.” In the current study, we
used anti-CD3 and anti-CD28 antibodies to activate CD4" T
cells in vitro and assessed the effects of BM2—ManLAM on the
cytokine production of CD4" T cells (Figure S8, SI). Our data
indicate that ManLAM—BM2 complex might directly induce
the Thl and Th17 polarization of activated CD4" T cells via
CD44. It was also reported that M. tb H37Rv ManLAM’s
interactions with host cell receptors and membranes result in
altered cellular signaling and responses. This is thought to be
achieved through a steric inhibition mechanism or through
direct binding of host proteins to the acyl tails of ManLAM
itself, which resemble mammalian phosphatidylinositol-3,4,5-
trisphosphate.”” The molecular mechanisms of ManLAM of
different mycobacteria on CD4'T cells might be via different
signaling pathways.

Moreover, we assessed the mRNA expressions of TLRs in
BM2-treated mouse peritoneal macrophages. As shown in
Figure S11 (SI), addition of BM2 alone significantly enhance
the mRNA expressions of TLRs in BM2-treated peritoneal
macrophages. However, compared with the macrophages
treated with TLR agonists, BM2-alone treatment caused a
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much lower degree of enhancement of mRNA expressions of
TLRs. These results indicate that BM2 alone might stimulate
the macrophages at low levels.

Additionally, BCG has been shown to be effective
immunotherapy for patients with high-risk bladder tumors,
particularly for carcinoma in situ.””>" We respect that BM2
combined with BCG might be better used than BCG alone in
bladder cancer therapy, as well.

B CONCLUSION

We used SELEX to generate an ssDNA aptamer BM2 that
specifically bound to ManLAM from BCG. We report the
discovery of ManLAM of BCG binding to both CD44 and MR
on macrophages. BM2 blocked ManLAM—-MR binding,
triggered ManLAM—CD44 binding, and enhanced macrophage
M1 polarization and inflammatory cytokines production via up-
regulation of CD44 signaling and down-regulation of MR
signaling in macrophages. BM2—ManLAM also stimulated Th1
and Th17 cells via CD44 on CD4" T cells. BM2 significantly
enhanced the M. tb-antigen-presenting activity of macrophages
and DCs for naive CD4" Thl cell activation. Here, we
demonstrate the immune-enhancing and immunoadjuvant
potentials of BM2 with BCG against virulent M. tb H37Rv
infection in mice and rhesus monkeys models.
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