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ABSTRACT

For clinical application by dendritic cell (DC)-based cancer immunotherapy, a proper adjuvant system to
elicit a strong anticancer immune response is needed. Here, we investigated the potential of chorismate
mutase (TBCM, Rv1885c¢), a putative Mycobacterium tuberculosis (TB) virulence factor, as an immunoadju-
vant in DC-based tumor immunotherapy. First, we found that TBCM functionally activated DCs by
upregulating costimulatory molecules, increasing the secretion of proinflammatory cytokines, enhancing
migration and inducing the Th1-type immune response in a dose-dependent manner via TLR4-mediated
signaling. In addition, subcutaneous injection of TBCM-activated DCs loaded with cell lysates led to
reduced tumor mass, enhanced mouse survival and lowered tumor incidence in lung carcinoma (LLC) cell-
bearing mice. This is mainly mediated by functional cytotoxic T lymphocyte-mediated oncolytic activity
and inhibition of cancer proliferation- and metastasis-related genes. Moreover, TBCM-induced DCs can
also generate memory CD4 T cells and exert long-term tumor prevention effects. In conclusion, our
findings suggest that TBCM (Rv1885c¢), a novel TLR4 agonist, could be used as an immunoadjuvant for DC-
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based cancer immunotherapy.

Introduction

Dendritic cells (DCs) are professional antigen-presenting cells
(APCs) capable of presenting tumor antigens to naive, non-
primed T cells to activate the tumor antigen-specific immune
response.”> DCs comprising functional heterogeneous subsets
could have distinct phenotypes, immunogenic or tolerogenic,
depending on their inflammatory cytokines within the local
milieu and simulation strength via pathogen-associated molecu-
lar patterns (PAMPs).>”> Immunogenic DCs can inhibit tumor
progression via both proliferation and activation of functional
tumor-specific T cells, such as type I helper T (Thl) cells and
cytotoxic T lymphocytes (CTLs).*” In contrast, tolerogenic DCs
can lead to even cancer progression.>” DC-based vaccines have
been extensively investigated as a feasible approach for cancer
immunotherapy to enhance tumor antigen-specific immune
responses.'’"'> However, most clinical outcomes of DC-based
vaccines have been disappointing.'* One major challenge of its
clinical application is the limitation of adjuvants currently used
in clinical trials to elicit DC activation. Therefore, the develop-
ment of more effective adjuvants to induce Th1-type responses is
urgently needed for cancer immunotherapeutic strategies.'* '
Pattern recognition receptors (PRRs) can lead to both
maturation and activation of APCs via recognition by patho-
gen-associated molecular patterns (PAMPs) from external

pathogens or damage-associated molecular patterns (DAMPs)
from damaged tissues.'” Therefore, major efforts have been
made to find a novel proper PAMP as an immunoadjuvant
capable of sufficiently activating DCs for cancer immunother-
apy. Of these PRRs, a total of four types of pattern recognition
receptors (PRRs) have been identified, including C-type lectin
receptors (CLRs), RIG I-like receptors (RLRs), NOD-like
receptors (NLRs), and Toll-like receptors (TLRs).'®'” Of
these, TLR4 is a member of TLRs first found in humans that
can recognize lipopolysaccharide (LPS), a component present
in gram-negative bacteria,”® and significant efforts have also
been focused on the potential of its ligands as immunoadju-
vants for DC-based vaccines.

As cell wall components and proteins of Mycobacterium
spp. can lead to Thl skewing immune responses,”' > antitu-
mor immunotherapeutic effects based on Mycobacterium spp.
have been widely studied.”* Notably, Mycobacterium bovis
Bacillus Calmette-Guérin (BCG) therapy for nonmuscle inva-
sive bladder cancer (NMIBC) is one of the few examples of
successful immunotherapy in clinical use.” Furthermore, heat-
killed (HK) Mycobacterium vaccae,”® Mycobacterium indicus
pranii (MIP)*” and Mycobacterium paragordonae (Mpg)*® have
also been demonstrated to exert anticancer effects in both
in vitro and in vivo models. In addition to whole cell-based
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approaches, two different components of the BCG vaccine,
heparin-binding hemagglutinin protein (HBHA)* and heat
shock protein X (HspX),”® have been reported to activate
DCs mainly via TLR4 pathways, and DC-based vaccines
using them as adjuvants have been proven to induce effective
anticancer effects.

Chorismate mutase (CM) plays a central role in the shikimate
pathway for the biosynthesis of aromatic amino acids in bacteria,
fungi and higher plants, including phenylalanine, tyrosine, and
tryptophan, by catalyzing the conversion of chorismate to
prephenate.’’ There are two putative genes for CM: Rv1885c
and Rv0948c. Of these, the secretory form, TBCM (encoded by
Rv1885¢), is assumed to play a key role in the pathogenesis of
tuberculosis,’ and it has low sequence homology among known
CM. Therefore, it has gained increased attention as an interest-
ing target for the discovery of antitubercular agents. However,
very little is known about the pathogenic role of TBCM in TB
pathogenesis. During research regarding its pathogenic role in
TB infections, we unexpectedly found that TBCM can induce
DC maturation and activation in BMDCs in a TLR4-dependent
manner (Figures 1 and 8). Therefore, we hypothesized that
TBCM could be effectively used as an immunoadjuvant for DC-
based cancer immunotherapy.

In this study, we investigated the effects of TBCM on the
maturation and activation of mouse and human dendritic cells
in vitro. Furthermore, we also investigated the role of TBCM as
an immunoadjuvant for DC-based cancer immunotherapy.
Finally, we investigated whether TBCM can induce cancer
prevention via enhanced generation of memory CD4 T cells
in an in vivo model.

Materials and methods
Mice

Six- to seven-week-old specific pathogen-free (SPF) female
C57BL/6 mice were purchased from Orient Bio and main-
tained under SPF conditions in accordance with the animal
care guidelines approved by the Institutional Animal Care and
Use Committee (IACUC) of Seoul National University
(Approval No. SNU-200210-2) and Institutional Biosafety
Committee of Seoul National University (Approval No.
SNUIBC-R200302-1).

In vivo experiments

Tumor cell lysates (tumor-associated antigens; TAAs) were
prepared by five cycles of liquid nitrogen and 37°C water
bath freeze-thawing using LLC cancer cells (1 x 107 cells/ml
in PBS). Cellular debris was removed by centrifugation, and
the lysate solution was passed through a 0.2 um filter and
stored at — 80°C. BMDCs were incubated with LLC lysates
at a ratio of 3:1 tumor cell equivalents in the presence or
absence of TBCM (1 pg/ml) or lipopolysaccharide (0.1 pg/
ml; Escherichia coli serotype 0111:B4, Sigma, USA) for 24 h
at 37°C in 5% CO..

For the tumor treatment and survival experiments, C57BL/
6 mice were subcutaneously injected with LLC, B16F10 or
EO771 cancer cells (1 x 10° cells/mouse, respectively) and

vaccinated with BMDCs (1 x 10° cells/50 ul PBS) via footpad
injection twice at intervals of one week. The tumor size was
measured once every 2 or 3 days using calipers and calculated
following the formula: tumor volume (mm?) = (longest dia-
meter x shortest diameter?)/2. The mice were observed until
the tumor diameter was over 3 mm. In the tumor prevention
experiment, mice were subcutaneously injected with LLC
cancer cells (1 x 10° cells/mouse) seven days after the last
DC injection and observed for tumor incidence. For the
memory T cell experiment, mice were vaccinated with
BMDCs twice at intervals of one week. Seven weeks after the
last DC injection, LLC cancer cells (1 x 10° cells/100 ul PBS)
were injected intravenously. Seven days after the cancer cell
injection, mice were observed for tumor size measurement
using an IVIS imaging system 100 (Xenogen, USA).

Results

TBCM induces phenotypic and functional maturation in
DCs.

Prior to studying the immunological functions in DCs, we
assessed whether TBCM affects the viability of mouse bone
marrow-derived dendritic cells (BMDCs), same as previous
study.”® DC viability was not affected after incubation with
TBCM at a concentration up to 1 ug/ml (Figure 1a). DC matura-
tion is essential for DC functions in antigen-presenting cells
(APCs), demonstrated by downregulated endocytosis and
increased cytokine levels. TBCM-treated BMDCs exhibited
a significantly decreased population of dextran® CD11c" cells
compared with untreated BMDCs (Figure 1b). In addition, the
surface expression level of co-stimulatory molecules CD40,
CD80, CD86 and MHC class I was upregulated in DCs following
TBCM stimulation in a dose-dependent manner (Figure 1c). Co-
expression of MHCII and CD80, CD83 or CD86 were also
observed in TBCM-treated DCs (Supplementary Figure S1A).
Furthermore, TBCM induced BMDCs to secrete TNF-a, IL-6,
IL-10 and IL-12p40 in a dose-dependent manner (Figure 1d).
Meanwhile, we assessed LPS contamination of TBCM protein
and found that the effects of TBCM in DCs were not as a result of
endotoxin contamination from E. coli (Supplementary Figure
S2). Collectively, these results demonstrate that TBCM promotes
DC activation through phenotypic and functional maturation.

TBCM induces DC activation via activation of MAPKs and
NF-kB in DCs in a TLR4-dependent manner.

Toll-like receptors (TLRs) play crucial roles in the innate
immune system by recognizing pathogen-associated molecular
pattern derived from various microbes. The role of TLRs in
APCs is particularly important.** Thus, we examined the TLR-
dependency for DC activation and maturation. To identify the
TLRs on DCs that interact with TBCM, DCs were incubated
with anti-TLR2 IgG or anti-TLR4 IgG and then treated with
TBCM. The expression of surface co-stimulatory molecules
and secretion of pro-inflammatory cytokine were significantly
induced in untreated DCs and DCs blocked with TLR2 after
TBCM treatment. In contrast, these effects were significantly
decreased in DCs blocked with TLR4, indicating that TBCM
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Figure 1. TBCM induces phenotypic and functional maturation in DCs. (a) Viability of BMDCs treated with TBCM proteins. BMDCs were incubated with TBCM (0.1 or 1 pg/
ml) or LPS (0.1 ug/ml) for 24 h, and cells were then assessed by apoptosis assay. (b) DCs were activated with TBCM or LPS for 24 h (see A). The activated DCs were
incubated with dextran-FITC at 37°C or 4°C for 30 min and analyzed for dextran uptake by flow cytometry. (c) BMDCs were stimulated for 24 h with TBCM or LPS (see A)
and analyzed for the expression of surface markers by flow cytometry. (d) Cytokines in the culture supernatant were measured by ELISA. Significant differences (*p <
0.05, **p < 0.01, and ***p < 0.001) among the different groups are shown in the related figures, and the data are presented as the means + s.e.m. of three

independent experiments.

functions as a TLR4 agonist in DCs (Figure 2a and
Supplementary Figure S3B). As DC maturation mediated by
mycobacterial antigens involves mitogen-activated protein
kinases (MAPKs) and nuclear factor (NF)-kB signaling
pathways,*>?® we examined whether TBCM activates MAPKs
and NF-kB in DCs. TBCM induced nuclear translocation of
NF-kB p65 from the cytosol in untreated DCs, and DCs

blocked with TLR2 but not in DCs blocked with TLR4
(Figure 2b). Additionally, TBCM-induced phosphorylation of
p38 MAPK, including p38, ERK and JNK, was significantly
decreased after TLR4 blockade (Figure 2c and Supplementary
Figure S3A). In addition to these results, TBCM induces the
activation of human monocytic THP-1 cells via interaction
with TLR4 (Supplementary Figure S4). These results indicated
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Figure 2. TBCM induces DC activation via activation of MAPKs and NF-kB in DCs in a TLR4-dependent manner. BMDCs were incubated with anti-TLR2 IgG or anti-TLR4
IgG prior to incubation with TBCM (1 pg/ml), LPS (0.1 pg/ml) or PamsCSK, (0.1 pg/ml). (a) After 24 h incubation with TBCM, LPS or PamsCSK,, the surface expression of
(D40, CD86, MHC class | and MHC class Il was assessed by flow cytometry. (b) The effects of TBCM on the cellular localization of the p65 subunit of NF-kB in DCs were
assessed. After 12 h of stimulation with TBCM, LPS or Pam;CSK,, the intracellular localization of NF-kB p65 was determined by immunofluorescence. (c) DCs were
harvested at the indicated time points, and then the DC lysates were subjected to SDS-polyacrylamide gel and an immunoblot analysis was conducted. Significant
differences (*p < 0.05, **p < 0.01, and ***p < 0.001) among the different groups are shown in the related figures, and the data are presented as the means + s.e.m.

of three independent experiments.

that TBCM induces DC maturation in a TLR4-dependent
manner, leading to increased expression of cell surface mole-
cules and proinflammatory cytokines.

TBCM enhances the migration of DCs in vitro and in vivo,
and TBCM-induced DCs stimulate T cell proliferation.

As CCR?7 is an important factor for the migration of DCs to
lymphoid organs,”*® the increased levels of CCR7 surface expres-
sion and mRNA expression of CXCL9 and CXCL10 in TBCM-
treated DCs were examined (Figure 3a,b). We then performed an
in vitro Transwell migration assay to analyze the DC migratory
capacity in response to chemokine ligand 19 (CCL19), which is the
ligand for CCR7. Increased migratory capacity of DCs was
observed in the TBCM-treated DCs, which is consistent with the
upregulation of CCR7 expression (Figure 3c). Furthermore, we
found that the number of CFSE" DCs in the inguinal lymph nodes

was significantly increased in the TBCM-treated group compared
with the untreated group via an in vivo migration test (Figure 3d).
Additionally, increased mRNA levels of CXCR3, CD40L and
CD28 in CD4" and CD8" T cells were induced by TBCM-
treated DC injection, indicating that TBCM-treated DCs produ-
cing CXCL9 and CXCL10 may interact with CD4" and CD8"
T cells in the lymph nodes (Figure 3e).

Mature DCs interact with T cells and cross-present antigens
to T cells.” Thus, we examined whether TBCM-mediated DC
stimulates T cell proliferation. CFSE-labeled CD4" and CD8"
T cells were cocultured with BMDCs that were incubated with
LLC lysates in the presence of TBCM. These T cells displayed
increased proliferation compared with T cells cocultured with
BMDCs that were incubated with LLC lysates or with TBCM
(Figure 3f). Compared with CD4" and CD8" T cells cocultured
with DCs that were treated with LLC lysates, increased levels of
IL-2 and IFN-y were observed as a consequence of the priming



ONCOIMMUNOLOGY €2023340-5

=
3 CCR7 b &
2500 g
*kk 3
= 2000
e * 3
= 1500 o <
5 z
o 1000
3 ol ;
500 e
0 E 0 06122461224 0 6122461224
PBS LPS 0.1 1 & AT T
TBCM (gl TBCM LPS
Hg CXCL9 CXCL10
C 5 307m pas PBS TBCM LPS
20 |mTBOM e £ ] el
29 LPS g E
$ O 20 kel
— T [
EQ s
[
'; 2 e *k kk o
©E ” z
[0) R |
© 3
Medium  CCL19
(500 ng/ml)
d e s s
1) 2 O PBS ® TBCM A LPS o O PBS m TBCM A LPS
© 6000 Kl %] 10 7] ke
O *kk b o) i
9 N &2 i a2 *k ]
28 4000 o’ 38 ] w= s 868 I e
= 'g_ Z < 4 £ Z o4 u A
S E Xo 4 ®a A i lal = -
2 § 2000 €O a4 EO,Ll = 2
=
©£ oo gE A, & oms 2f|e & ¥
o 0 ® 0 . . r © x . T
Z PBS TBCM LPS e CD28 CXCR3 CD40L e CD28 CXCR3 CD40L
f T cell only imDC imDC mDC(TBCM) mDC(TBCM) mDC(LPS) w == 60
+TAA +TAA +TAA O
S o
S =40
T8
— — — S —_— p—i D 20
o
e
_-L . 2
> o
: >
CD4-CFSE <6
58 %
—_— — —_— —_— —_— —t S ek o
S 240 * w
s 3
S 9
> 58
CD8-CFSE O i
\o@(&o NFOPUPAS
PACNISIOPEN
1Y FESE
AN &L O
o
)
&

Figure 3. TBCM enhances the migration of DCs in vitro and in vivo, and TBCM-induced DCs stimulate T cell proliferation. BMDCs were incubated with TBCM (0.1 or 1 pg/ml) or LPS
(0.1 pg/ml). (a) After 24 h incubation, the surface expression of CCR7 was determined by flow cytometry. (b) DCs were harvested at the indicated time points. mRNA extracted
from DCs was assessed by RT-qPCR. (c) DCs were subjected to an in vitro Transwell chemotaxis assay in which movement toward media alone or media containing CCL19 (500 ng/
ml) was measured. (d) After 24 h incubation, CFSE-labeled DCs were injected into the mouse footpad, and CFSE-positive cells were detected in the inguinal lymph nodes by flow
cytometry 72 h after the injection. (€) One week after the footpad injection of TBCM-treated DCs, mRNA of CD4* and CD8" T cells isolated from inguinal lymph nodes was assessed
by RT-gPCR. (f) BMDCs were incubated with LLC lysates (tumor-associated antigens; TAAs) at a ratio of 3:1 tumor cell equivalents in the presence or absence of TBCM (1 pg/ml) or
lipopolysaccharide (0.1 pg/ml) for 24 h. CD4* and CD8" T cells isolated from mouse spleen were stained with CFSE and cocultured with TAA-, TBCM- or LPS-treated DCs (T cell:
DC=10:1) for 96 h. Thereafter, T cell proliferation was assessed by flow cytometry. Significant differences (*p < 0.05, **p < 0.01,and **p < 0.001) among the different groups
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of T cells by DCs that were incubated with LLC lysates in the
presence of TBCM (Supplementary Figure S5A). These obser-
vations demonstrated that TBCM elicits optimal DC activa-
tion, resulting in the proliferation of CD4" and CD8" T cells.

TBCM-induced DCs stimulate enhanced polarization of
Th1 cells.

As TBCM increased the expression of DC maturation markers
involved in the antigen presentation to T cells, we assessed the
ability of TBCM-treated DC to stimulate T cell cytokine pro-
duction and polarization. TBCM-treated DCs increased the
secretion of Thl-type cytokines IFN-y and IL-2 in CD4
T cells; however, the Th2- and Th17-type cytokines IL-4 and
IL-17A did not (Figure 4a and Supplementary Figure S5B).
Additionally, TBCM-treated DCs slightly increased the cyto-
kine levels of IFN-y and IL-2 in CD8" T cells (Supplementary
Figure S5C). When CD4" T cells were cocultured with BMDCs
stimulated with TBCM, the expression of Thl-specific regula-
tor T-bet was elevated, similar to that observed in BMDCs
treated with LPS. However, upon TBCM stimulation, the
expression of GATA-binding protein 3 (GATA-3), that is
critical for Th2 cell development, and RAR-related orphan
receptor gamma t (RORyt), the Th17 development regulator,
was not increased in DCs compared with those upon LPS
treatment (Figure 4b). These results suggested that DCs acti-
vated by TBCM differentiate CD4" T cells toward Thl
immunity.

TBCM-induced human DCs enhances antigen-specific T cell
cytotoxic response against human cancer cell.

Next, we assessed the effects of TBCM on human DCs. In the
same way as TBCM induces mouse BMDC maturation, TBCM
induces phenotypic and functional maturation in human DCs
in a dose-dependent manner (Figure 5a,b). Also, TBCM-
activated DCs loaded with A549 lysates (TAAs) stimulate
enhanced polarization of Thl CD4" T cells, but not Th2 or
Th17 cells (Figure 5c). Furthermore, TBCM-activated DCs
loaded with TA As stimulate generation of CD8" T cells capable
of killing A549 cancer cells (Figure 5d). Therefore, these results
indicated that TBCM-activated DCs have enhanced ability to
prime and activate antigen-specific T cell cytotoxic response
against human cancer cells.

TBCM-induced DCs exert therapeutic effects in lung cancer
via induction of functional CD4 and CD8 T cells in vivo.

We next assessed the anticancer effects of mature DCs activated
by TBCM as a DC vaccine. Mice were subcutaneously injected
with LLC cancer cells and vaccinated with TBCM-treated DCs
via footpad injection twice at intervals of one week. TBCM- or
LPS-treated mature DCs loaded with tumor-associated antigens
(TAAs) significantly inhibited tumor progression and long-term
survival compared with all other groups (Figure 6a-e).
Additionally, inflammatory cytokine production in serum and
the cytokine secretion response of the spleen against LLC cells
were significantly enhanced in the groups treated with TBCM-
or LPS-activated DCs loaded with TAAs (Supplementary Figure

S6). Furthermore, all of the mice vaccinated with TBCM-
activated DCs loaded with TAAs remained tumor-free for
30 days, indicating that TBCM-activated DC vaccines could
prevent tumorigenesis (Figure 6f). Then, we investigated
whether the antitumor effect in the treatment model was corre-
lated with the T cell responses induced by TBCM-activated DCs
loaded with the TAA vaccine. Infiltration of IFNy-releasing
CD4" and CD8" T cells and IL-12-releasing DCs in the tumor
microenvironment was noticeably induced after administration
of TBCM- or LPS-activated DCs loaded with TAAs compared
with all other groups (Figure 6g and Supplementary Figure S6).
Furthermore, recent evidence suggests that the dominant che-
mokines for recruitment of effector CD8" T cells are those that
engage the chemokine receptor CXCR3.*’ It has been reported
that the CXCR3 ligands CXCL9 and CXCL10 are not expressed
in tumors lacking a CD8" T cell infiltrate.* TBCM-activated
DCs loaded with the TAA vaccine increased the infiltration of
CXCR3" CD8" T cells into tumor tissue, which might kill tumor
cells (Figure 6h). These trends were also observed in BI6F10 and
EO771 tumor-bearing mouse model (Supplementary Figure
§7,8). Additionally, as the transcription of mRNA in both
dLNs and TILs tended to be similar, most effector T cells
observed in tumors may originate from lymph nodes where
TBCM-activated DCs injected through footpad injection had
reached (Figure 6i,j). Therefore, these results demonstrated
that administration of TBCM-activated DCs loaded with TAAs
effectively induced the infiltration of effector T cells capable of
killing tumor cells into tumor tissue.

TBCM-induced DCs suppress tumor progression through
recruitment of functional CTLs and inhibit the expression
of metastasis-related genes in the tumor
microenvironment.

As TBCM-activated DCs loaded with TAAs induced cell-
mediated immune responses in the tumor microenvironment
and lymph nodes, phenotypic differences in tumors were
observed. The pore-forming molecule perforin-1 and the proa-
poptotic protease granzyme B were induced by the adminis-
tration of TBCM-activated DCs loaded with the TAA vaccine,
indicating that the cytolytic immune response of CTLs induced
by TBCM-activated DCs loaded with TAAs can lead to granule
exocytosis of cancer cells (Figure 7a). Additionally, 7AAD"
Annexin V" LLC cancer cells were significantly increased by
the TILs and tumor-draining lymph nodes induced by TBCM-
activated DCs loaded with the TAA vaccine (Figure 7b). The
transcription levels related to cell proliferation, apoptosis and
epithelial mesenchymal transition (EMT) were significantly
decreased in response to TBCM-activated DCs loaded with
TAAs (Figure 7c). Additionally, TBCM-activated DCs loaded
with the TAA vaccine suppressed the protein expression of the
ERK/p38 signaling pathway, EMT factors N-cadherin and
Fibronectin, and matrix metalloproteinases MMP-2 and
MMP-9 in primary tumor cells (Figure 7d). Together, these
results indicated that TBCM-induced DCs suppress tumor
progression through recruitment of functional CTLs and inhi-
bit the expression of proliferation- or metastasis-related genes
in the tumor microenvironment.
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Figure 4. TBCM-induced DCs stimulate enhanced polarization of Th1 cells. BMDCs were incubated with TBCM (0.1 or 1 pg/ml) or LPS (0.1 pg/ml) in the presence or absence
of LLC lysates (tumor-associated antigens; TAAs) for 24 h. DCs were then cocultured with CD4* T cells (DC:T cell = 1:10) isolated from mouse spleen for 72 h. (a) Intracellular
cytokine production in CD4* T cells was assessed by flow cytometry. (b) On Day 3 of coculturing, the expression of Th1-specific regulator, T-bet, Th2-development
transcription factor, GATA-3, and Th17-development regulator RORyt in CD4* T cells was assessed by flow cytometry. Significant differences (*p < 0.05, **p < 0.01, and
***p < 0.001) among the different groups are shown in the related figures, and the data are presented as the means + s.e.m. of four independent experiments.

TBCM-induced DCs generate memory T cells and exert
sustained prevention effects.

To investigate whether TBCM-activated DCs loaded with the
TAA vaccine generate memory T cells, cancer cells were intra-
venously injected seven weeks after DC vaccination. Seven days
after the cancer cell injection, tumor prevention effects were
the most pronounced in TBCM-activated DCs loaded with the
TAA vaccine (Figure 8a). The protein expression levels of EMT
factors and MMPs in lung tissue were also suppressed in
TBCM-activated DCs loaded with TAAs compared with all
other groups (Figure 8b). Of note, TBCM-activated DCs
loaded with the TAA vaccine had a greater sustained tumor
prevention effects than LPS-activated DCs loaded with the
TAA vaccine (Figure 8c). Importantly, an increased population
of effector/memory CD4™ T cells in the lung and lymph nodes
and induced lymphocytes capable of killing cancer cells

were observed in response to TBCM-activated DCs loaded
with TAAs (Figure 8d,e and Supplementary Figure S9).
Additionally, TBCM-activated DCs loaded with TAAs
induced immune cell activation after cancer cell injection
(Figure 8f,g). These results indicated that TBCM-induced
DCs exert sustained tumor prevention effects via the gen-
eration of memory T cells.

Discussion

In the present study, we sought to examine whether TBCM,
a putative secreted pathogenic factor of tuberculosis, can act as
an immunoadjuvant effectively used for DC-based cancer immu-
notherapy. First, we found that TBCM treatment led to increased
expression of the costimulatory molecules CD40, CD80 and
CD86, as well as MHC class I (Figure 1c), enhanced the
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Figure 5. TBCM-induced human DCs enhances antigen-specific T cell cytotoxic response against human cancer cell. (@) Human DCs were activated for 24 h with TBCM
(1 pg/ml) or LPS (0.1 pg/ml) and analyzed for the surface expression marker by flow cytometry. (b) Cytokine levels in the culture supernatant were measured by ELISA.
(c) A549 cell lysates (tumor-associated antigens, TAAs)-, TBCM- or LPS-activated human DCs were cocultured with CD4" T cells (DC:T cell = 1:10) isolated from PBMCs for
72 h. Then, intracellular cytokine production in CD4™ T cells were assessed by flow cytometry. (d) TAAs-, TBCM- or LPS-activated human DCs were cocultured with CD8*
T cells (DC:T cell = 1:10) in the presence or absence of CD4" T cells for five days. Thereafter, the cells were cocultured with CFSE-labeled A549 cells (E:T = 5:1) for 48 h,

and antigen-specific cytotoxicity of T cells were measured by cell apoptosis assay.

Significant differences (*p < 0.05, **p < 0.01, ***p < 0.001) among the different

groups are shown in the related figures, and the data are presented as the means + s.e.m. of five independent experiments.

production of proinflammatory cytokines such as TNF-a, IL-6,
and IL-12 (Figure 1d) and reduced endocytic capacity at
a concentration of < 1 pg/ml in DCs (Figure 1a). Of note,
production of IL-10, an immunosuppressive cytokine, was rarely
induced by TBCM treatment compared with LPS treatment
(Figure 1d), suggesting the merit of the former in differentiation
into immunogenic DCs. Our Ab blocking test also proved that the
maturation of DCs by TBCM is dependent on the MAPK and NF-

kB pathways mediated by TLR4 but not TLR2 (Figure 2). These
results strongly demonstrate that TBCM can act as a novel TLR4
agonist capable of DC maturation and activation.

To further prove the adjuvant effect of TBCM, we tested the
DC migration capacity of TBCM. Our data indicated that
TBCM treatment led to increased levels of CCR7 expression
and mRNA expression of CXCL9 and CXCL10 in DCs
(Figure 3b), enhanced DC migratory capacity against CCL19
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Figure 6. TBCM-induced DCs exert therapeutic effects in lung cancer via induction functional CD4 and CD8 T cells in vivo. (a) C57BL/6 mice were subcutaneously injected
with LLC cancer cells and vaccinated with DCs via footpad injection twice at intervals of one week. Representative pictures show luciferase-positive LLC cancer cells on
Day 25 after cancer cell injection. (b) Growth curve shows tumor volume as the mean £ SD at the indicated time points. (c,d) Tumor volume and weight measured on
Day 25 after the cancer cell injection. (e) C57BL/6 mice were treated with LLC and DCs (see a) and observed for survival. (f) C57BL/6 mice were subcutaneously injected
with LLC cancer cells seven days after the last DC injection. Tumor incidence is shown. (g) C57BL/6 mice were treated with LLC and DCs (see a). On Day 25 after cancer
cell injection, tumor-infiltrating DCs and lymphocytes were assessed by flow cytometry. (h) CXCR3* CD8" T cells in paraffin-embedded tumor tissue were detected by
immunofluorescence staining. (i,j) The transcription level of mRNA in tumor-draining lymph nodes and tumor-infiltrating lymphocytes was quantified by RT-qPCR.
Significant differences (*p < 0.05,**p < 0.01, and ***p < 0.001) among the different groups are shown in the related figures, and the data are presented as the means

+ s.e.m. of five independent experiments.
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Figure 7. TBCM-induced DCs suppress tumor progression through recruitment of functional CTLs and inhibit expression of metastasis related genes in the tumor
microenvironment. C57BL/6 mice were subcutaneously injected with LLC cancer cells and vaccinated with DCs via footpad injection twice at intervals of one week. (a)
Cytolytic protein perforin-1 and granzyme in tumor tissue were observed by immunofluorescence staining. (b) On Day 25 after the cancer cell injection, tumor-
infiltrating lymphocytes and tumor-draining lymph nodes were cocultured with CFSE-labeled LLC cancer cells (E:T = 5:1), and cytotoxicity against LLC cells was assessed
by flow cytometry. (c) The transcription level of mRNA in primary tumor cells was quantified by RT-qPCR. (d) Protein expression of ERK, epithelial-mesenchymal
transition (EMT)-related proteins, and matrix metalloproteinases MMP-2 and MMP-9 in primary tumor cells was assessed by immunoblotting assay. Significant
differences (*p < 0.05, **p < 0.01, and ***p < 0.001) among the different groups are shown in the related figures, and the data are presented as the means + s.e.m.

of five independent experiments.

in an in vitro Transwell migration assay (Figure 3c) and
increased CFSE" DCs in the draining lymph nodes in an
in vivo test (Figure 3d), suggesting that TBCM can enhance
the migration capacity of DCs in vitro and in vivo. Moreover,
our ex vivo coculture tests showed that TBCM-treated DCs
pulsed with TAAs also led to strong proliferation of CD4" and
CD8" T cells (Figure 3f) and increased levels of IL-2 and IFN-y
(Supplementary Figure S5A), suggesting a positive role of
TBCM in the optimal induction of cancer-specific T cell
responses.

In addition, we also found that TBCM-treated DCs induced
enhanced production of the Th1-type cytokines IFN-y and IL-
2 but not the Th2- and Th17-type cytokines IL-4 and IL-17A
(Figure 4a) and enhanced production of Th1-specific regulator,
T-bet, but not Th2 and Th17 specific regulator, GATA-3 and
RORytin CD4 T cells (Figure 4b), suggesting that the adjuvant
activity of TBCM can induce a Th1-type immune response. Of
note, LPS-treated DCs induced Th2- or Thl7-type cytokine
and transcription factor (GATA-3 and RORyt) as well as Th1-
type cytokine and T bet expression (Figure 4b). The underlying
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Figure 8. TBCM-induced DCs generate memory T cells and exert sustained tumor prevention effects. (a) C57BL/6 mice were vaccinated with BMDCs twice at intervals of
one week. Seven weeks after the last DC injection, LLC cancer cells were injected intravenously. Seven days after the cancer cell injection, mice were observed for tumor
size measurement using an IVIS imaging system 100 and sacrificed for tissue analysis. Representative pictures show luciferase-positive LLC cancer cells one week after
cancer cell injection. (b) Protein expression of EMT-related proteins and matrix metalloproteinases MMP-2 and MMP-9 in lung tissue was assessed by immunoblotting
assay. (c) After mice were vaccinated with DCs twice at intervals of one week, mice were subcutaneously injected with LLC cancer cells and observed for tumor
incidence. (d) One week after cancer cell injection (see a), the population of CD44"9" CD62L' CD4* T cells in the lymph nodes and lung was measured by flow
cytometry. (e) One week after cancer cell injection (see a), lung lymphocytes and lymph nodes were cocultured with CFSE-labeled LLC cancer cells (E:T = 5:1), and
cytotoxicity against LLC cells was assessed by flow cytometry. (f,g) The transcription level of mRNA in lymph nodes and lung lymphocytes was quantified by RT-qPCR.
Significant differences (*p < 0.05,**p < 0.01, and ***p < 0.001) among the different groups are shown in the related figures, and the data are presented as the means

+ s.e.m. of five independent experiments.

mechanism regarding the disparity between TBCM and LPS in
inducing the immune response should be investigated in future
studies.

Our findings also showed that subcutaneous injection of
TBCM-activated DCs loaded with TAA led to reduced tumor
mass, enhanced mouse survival and lowered tumor incidence
in lung carcinoma (LLC) cell-bearing mice (Figure 6a-f). We

also found that the anticancer effect of TBCM was mainly due
to the functional CXCR3" CD8" T cell-mediated CTL response
infiltrating the tumor microenvironment (Figure 6g,h) and
inhibiting cancer proliferation- and metastasis-related genes
such as ERK, epithelial-mesenchymal transition (EMT)-
related proteins, and matrix metalloproteinases MMP-2 and
MMP-9 (Figure 7d)
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It has been reported that memory CD4 T cells can play
a pivotal role in anticancer immune responses.**”** Our cancer
prevention mouse model using intravenously injected LLC
cells showed that TBCM-activated DCs loaded with TAAs
had a greater preventive effect than LPS-activated DCs loaded
with the TAA vaccine (Figure 8), which can potentially be by
enhanced generation of CD44"¢" CD62L'°" CD4" T cells in
lung and lymph nodes (Figure 8d), further supporting the
feasibility of TBCM as an immunoadjuvant in cancer preven-
tion as well as cancer treatment.

Several Mycobacterium tuberculosis-derived proteins showed
immunostimulatory properties as TLR4-mediated adjuvants or
therapeutic effects in tumor-bearing mice.*****> Among them,
TBCM (Rv1885c¢) has several merits. For example, Rv1917¢c
strongly induces secretion of IL-10 and Th2 immunity which
favors Mtb infection.*® In contrast, TBCM activates polarization
of Th1 cells, but not Th2 and Th17 cells. Moreover, among Mtb-
derived proteins, TBCM showed long-term tumor prevention
effects for the first time (Figure 8). To understand the function of
memory T cells, additional animal experiments are needed in the
future study.

In summary, our data proved that TBCM (Rv1885c)
can drive DC maturation and activation in a TLR4-
dependent manner via enhanced expression of costimula-
tory molecules, enhanced production of proinflammatory
cytokines, enhanced DC migration capacity and enhanced
Th1 skewing activity. TBCM can also exert strong antic-
ancer or cancer preventive effects mainly via functional
CD8 T cell-mediated CTL responses, generation of mem-
ory CD4 T cells and inhibition of the expression of pro-
liferation- or metastasis-related genes in tumor
microenvironments. In conclusion, for the first time, we
proved that TBCM (Rv1885c) is a novel potent TLR4
agonist with a potential immunoadjuvant for DC-based
cancer immunotherapy.
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