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ABSTRACT

Mannan binding lectin (MBL), initially known to activate the complement lectin pathway and defend against
infection, was recently shown to be potentially involved in the development of several types of cancer; however,
its exact role in cancers, especially its effect on tumor microenvironment remain largely unknown. Here, using a
murine hepatocellular carcinoma (HCC) model, we showed that MBL was a component of liver microenviron-
ment and MBL-deficient (MBL™") mice exhibited an enhanced tumor growth compared with wild-type (WT)
mice. This phenomenon was associated with elevation of myeloid derived suppressed cells (MDSCs) in tumor
tissue of MBL™~ mice. MBL deficiency also resulted in an increase of activated hepatic stellate cells (HSCs), which
showed enhanced cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE;) production.
Pharmacological inhibition of COX-2 in vivo partially abrogated the MBL deficiency-promoted tumor growth
and MDSC accumulation. Mechanistic studies revealed that MBL could interact directly with HSCs and inhibit
HCC-induced HSCs activation via downregulating the extracellular signal-regulated kinase (ERK)/COX-2/PGE,
signaling pathway. Furthermore, MBL-mediated suppression of HCC is validated by administration of MBL-
expressing, liver-specific adeno-associated virus (AAV), which significantly inhibited HCC progression in MBL™~
mice. Taken together, these data reveal that MBL may impact on tumor development by shaping the tumor
microenvironment via its interaction with the local stromal cells, and also suggests its potential therapeutic use
for the treatment of HCC.
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Introduction of several human cancers and exerts tumor-promoting functions
unrelated to complement activation.” The tumor-promoting roles
of C3 and C5a in the TME have also been documented.®’
Moreover, the surfactant proteins A (SP-A), a member of collectin
family mainly present in lungs that is highly homologous to MBL,
was found to suppress lung cancer progression.

Mannan (or mannose)-binding lectin (MBL), as a major initia-
tor of the lectin pathway of complement, is instrumental in the
innate immune system that mediates phagocytosis and triggers
complement cascades by binding to carbohydrate motifs."
Additionally, our recently studies showed that MBL could exert
its immunomodulatory function apart from complement
activation.'>”"> Although most previous studies were focused on
the contribution of MBL to infectious diseases and autoimmune
diseases,'® accumulating evidence suggests that MBL is also
involved in development of several cancer types.'” However, the
effect of MBL on tumor development, especially its role in the TME
remains unclear.

The tumor microenvironment (TME), consists of the stromal cells
(immune cells, mesenchymal cells), the extracellular matrix (ECM)
and the molecules they secrete, plays a critical role in the onset and
progression of cancer.! Understanding the regulatory mechanisms
that influence the TME could reveal novel avenues for cancer
treatment.” Emerging evidence indicates that the components of
innate immune system serve as important players present in the
TME and possess dual functions in disease progression.” Early
studies demonstrated that the innate immune system could recog-
nize and eliminate tumor cells preceding to development of adap-
tive antitumor immune responses, thereby playing a critical role in
tumor immunosurveillance.* Recently, accumulating evidence sug-
gests that innate immune system within the TME can also exert a
tumor-promoting function.”

The functional roles of humoral components of innate immu-
nity, including complement, collectins, ficolins, and pentraxins in
the TME play an important role in tumor development.*® For
example, the complement initiator Clgq, is deposited in the TME
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Emerging evidence shows that polymorphisms of MBL gene
were linked to HCC (hepatocellular carcinoma) susceptibility and
some gene variants can influence the progression and prognosis of
HCC."*! Additionally, as a liver-specific protein that is strongly
expressed in the liver microenvironment of HCC, MBL is consid-
ered to be one of the putative biomarkers for HCC.** Collectively,
these data suggest that MBL in the liver microenvironment may
affect the initiation and progression of HCC. However, the func-
tional role of MBL in HCC remains to be addressed.

In this study, we utilize the MBL deficient mice and AAV-
mediated rescue of hepatic MBL expression in a murine HCC
model to investigate the potential role of MBL in HCC develop-
ment. Our results show that, for the first time to our knowledge,
MBL can suppress HCC growth by shaping the TME via regulation
of the activation of tumor-associated HSCs (hepatic stellate cells).

Results

MBL deficiency promotes tumor growth in a murine HCC
model

Tumor developed following the implantation of hepatoma cells
in immunocompetent mice share features with naturally occur-
ring HCC and sometimes is preferable for studying the com-
plex tumor-host interactions for HCC.>* To address the role of
MBL in HCC development, we initially investigated the tumor
growth in C57BL/6 WT and MBL™" mice in a murine HCC
model established by tail vein injection of Hepal-6 cells. In this
model, MBL ™™ mice developed about twice as many as visible
tumor nodules and notable larger maximal sizes of tumors in
the liver than WT mice (Figure 1a). Evaluating the liver: body
weight ratio (liver index) showed that tumor burden was
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Figure 1. MBL deficiency promotes tumor growth in a murine HCC model.

markedly higher in MBL™~ mice as compared to that in WT
mice (Figure 1b). In addition, MBL deficiency significantly
increased the proliferation of tumor cells, as determined by
immunohistochemistry staining of liver Ki67 (Figure 1c).
Similar results were observed in a DEN-induced HCC model
(supplementary Figure S1). Thus, these data indicate that MBL
is involved in regulation of HCC progression.

MBL deficiency causes elevation of tumor-infiltrating
MDSCs

In human, the MBL genetic system comprises one functional gene
(MBL2) which encoded MBL2, whereas the rodents have two MBL
isomers (Mbll and MbI2) that encode MBL-A and MBL-C,
respectively.”* Additionally, the single human MBL gene is consid-
ered to be closely related to rodent MbI2 rather than rodent Mbl1.*>
Moreover, we revealed the prevalence of MBL-C expression but not
MBL-A in the liver of the WT mice by immunohistochemistry
analysis (supplementary Figure S2). So we focused on the MBL-C
(mice) and MBL2 (human) and used MBL to indicate both of them
in the present study.

To understand the underlying mechanisms contributing to
the enhanced HCC development in mice with MBL defi-
ciency, we initially asked whether MBL might have a direct
effect on tumor cells. Firstly, we observed that MBL and its
mRNA expression were hardly detected in hepatoma cell line
(Figure 2a-b). The immunohistochemistry analysis also
showed expression of MBL in liver tissues but not in intra-
tumoral region of mice with HCC or HCC patients
(Figure 2c). Additionally, in vitro experiments revealed that
MBL does not affect the proliferation and viability of HCC
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WT (n = 10) and MBL™" mice (n = 10) received a tail vein intravenously injection of 2 x 10° Hepal-6 cells. After 3 weeks, mice were sacrificed and the visible liver
tumor nodules, maximal tumor size (a) and liver index (b) were examined. Scale bars, 1T cm. (c) Analysis of Ki67 positive cells in tumor tissues by immunohis-
tochemistry (each dot represents the average of 10 HPFs). Scale bars, 50 um. Data are presented as means + SEM (horizontal lines). HPFs, high-power fields;

*, P < 0.05; **, P < 0.01.



cells (Figure 2d-e). These results led us to consider the possi-
bility of potential effect of MBL on the tumor microenviron-
ment. Given that MDSCs play a crucial role in the progression
of HCC through suppressing anti-tumor immune responses
in the tumor microenvironment,”® we focused on MDSCs in
the tumor tissues of the two mice groups. Flow cytometric
analysis showed that the frequency of CD11b"Gr1™ MDSCs in
tumor mass of MBL™™ mice strikingly increased compared
with that in the WT littermates (Figure 3a). Moreover, the
marked elevation of CD11b*Ly6G'Ly6C'®" G-MDSCs and
CD11b*Ly6G Ly6C™M8" M-MDSCs was observed in tumor
tissues of MBL™~ mice compared to those of WT controls
(Figure 3b). This was also confirmed by immunohistochem-
ical staining of Grl in tumor tissues from MBL™" mice
(Figure 3c). However, the percentage of MDSCs and their
two subgroups were comparable in the liver from tumor-free
WT and MBL ™" mice (supplementary Figure S3).

MDSCs are known to suppress anti-tumor immune
responses by inhibition of CD8" T-cell responses and/or induc-
tion of regulatory T cells (Tregs).”® We therefore subsequently
examined the IFN-y"CD8" T cells and Tregs population in
tumor-bearing mice. We found that the percentage of IFN-
y'CD8" T cells was decreased, whereas the Tregs frequency
was elevated in tumor tissue of MBL™™ mice compared with
that of the WT mice (Figure 3d-e). In addition, the immune
checkpoint molecule PD-1 expression on CD8" T cells and Tregs
from tumor mass of MBL ™~ mice were increased compared with
that of the WT littermates, whereas the PD-L1 expression on
MDSCs from the two mice groups are comparable (Figure 3f).
Collectively, these data suggest that MBL absence caused more
tumor-infiltrating MDSCs associated with increased immune
suppression in the liver may result in enhanced tumor growth
in the murine HCC model.
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MBL deficiency was associated with increased frequency
of activated HSCs accompanied by increased COX-2
expression and PGE, production

MBL effect on the accumulation of MDSCs prompted us to
investigate the interaction of MBL and MDSCs in tumor tissues.
Since MDSCs were not associated with MBL staining in the tumor
tissue (supplementary Figure S4), we sought to explore other
elements capable of affect MDSCs in the liver tumor microenvir-
onment. Recent evidence has shown that activation of HSCs,
which are the major subtype of stromal cells in the tumor micro-
environment of liver cancer, was required for accumulation of
MDSCs through the COX-2-PGE, pathway.”” Therefore, we sub-
sequently assessed whether the activation status of HSCs and
COX-2/PGE, expression in tumor tissues were altered by MBL
deficiency. We performed immunohistochemical staining of a-
SMA to evaluate the activation of HSCs and noted that the density
of activated HSCs in tumor tissues was strikingly higher in MBL ™~
mice compared to that in WT mice (Figure 4a). Whereas, the
frequency of quiescent HSCs, which characterized by desmin
staining, was comparable in these two mice groups (supplemen-
tary Figure S5). Also, levels of a-SMA protein and its mRNA
expression were dramatically higher in tumor tissues of MBL ™~
mice than that of WT mice (Figure 4b-c). Interestingly, we
observed that MBL was colocalized with a-SMA in the peri-
tumor region of mice with HCC and that of HCC patients
(Figure 4d), although MBL protein and its mRNA expression
was hardly detected in HSCs from mice and human HSC cell
line LX-2 (Figure 4e-f).

PGE, levels in tumor tissues of MBL™~ mice were notably
increased compared to that of WT counterparts (Figure 5a).
In addition, as a key regulator of PGE, synthesis, COX-2
protein and its mRNA expression were all markedly elevated
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Figure 2. MBL does not directly affect tumor cell biology.

(a) MBL expression in mouse liver tissue, Hepal-6 cells and HepG2 cells was detected by immunoblotting analyses. (b) mRNA expression of MBL in Hepal-6 cells was
determined by RT-PCR. (c) Representative images of immunohistochemistry staining of MBL in tumor tissues from mice bearing HCC or HCC patients. Scale bars,
50 pm. HepG2 cells were cultured with 0 pg/ml (blank bar), 5 pg/ml (grey bar) and 20ug/ml (black bar) MBL and then the cell proliferation (d) and apoptosis (e) was
analyzed by CCK8 assay and flow cytometry, respectively. The percentages represent the frequency of the cells undergoing early apoptosis (Annexin-V*7-AAD™) or
late apoptosis (Annexin-V*7-AAD"). Data from at least three independent experiments are presented as mean+ SEM.
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in tumor tissue from MBL™" mice than that from the WT
mice (Figure 5b-c). Also, immunohistochemical staining
showed the increased frequency of COX-2-expressing cells
in tumor tissues of MBL™~ mice compared to that of WT
mice (Figure 5d). Moreover, we observed that COX-2 was
predominantly expressed by activated HSCs in tumor tissues
(Figure 5e-f). Collectively, these results suggest that increased
frequency of activated HSCs with COX-2/PGE, overexpres-
sion might contribute to the enhanced HCC development in
MBL deficient mice.

The COX-2/PGE, pathway was involved in MBL deficiency-
promoted tumor growth

The results described earlier, together with the previous study
showing that COX-2/PGE, expression promotes HCC progres-
sion by facilitating MDSC accumulation in tumor,” suggested
that the COX-2/PGE, pathway might be involved in elevation of
tumor-infiltrating MDSCs and accelerated HCC development in
the absence of MBL. Indeed, we showed the alteration of MDSCs
accumulation and tumor growth upon use of selective COX-2
inhibitor, SC-236. As expected, it did inhibit the COX-2 expres-
sion and the PEG2 production in liver (supplementary Figure S6).
Even though SC-236 treatment could suppress tumor growth,
there were no significant differences of tumor burden and num-
bers of visible tumor nodules between MBL ™~ mice and WT mice
after SC-236 treatment, and the maximal sizes of tumor nodules
were still moderately higher in MBL™~ mice than that in control
mice (Figure 6a-b). We also found that the levels of CD11b"Gr1™
MDSCs as well as G-MDSCs or M-MDSCs, the percentages of
IFN-y"CD8" cells in CD3"CD8" T cells and Tregs (CD25 "Foxp3*
cells) gated on CD4" cells in tumor tissues were comparable
between the two mice groups that received SC-236 treatment
(Figure 6¢-f). Whereas, it seems that COX2 inhibition does not
affect MDSCs, Tregs and IFN-y"CD8" T cell frequency in the liver
of tumor-free mice (supplementary Figure S7). These data
demonstrated that inhibition of COX-2 partially abrogated the
MBL deficiency-promoted tumor growth and the differences of
MDSCs, IFN-y"CD8" T cells and Tregs levels in tumor. Together,
these results indicate that COX-2/PGE, pathway is involved in
MBL-deficiency augmenting MDSCs and Tregs accumulation as
well as tumor growth, which accompanied by the decreased IFN-
y'CD8" cell level.

MBL regulates ERK-mediated alteration of COX-2/PGE; in
the HSCs

Since MBL was colocalized with activated HSCs with high
expression of COX-2, we next examined the effect of MBL
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on HSCs as well as the COX-2/PGE, expression in HCC. Our
pilot experiments showed that MBL was not expressed in
human HSC line LX-2, but could bind to the surface of
these cells (Figure 7a-b). LX-2 cells were cultured with or
without HepG2-CM (conditioned medium from HepG2
cells) in the presence of MBL or not. HepG2-CM induced
the activation of LX-2 cells, indicated by elevation of SMA
(Figure 7c-d), and increased their COX-2 expression
(Figure 7c-d) and PGE, production (Figure 7f), which was
suppressed after MBL treatment. As HSCs transdifferentiate
into myofibroblast-like cells during their activation via the
p44/42MAPK (ERK1/2) pathway-induced COX-2
overexpression,”® we also investigated whether the ERK path-
way was involved in MBL-mediated inhibition of COX-2
overexpression in LX-2 cells. Western blot analysis showed
that MBL reduced HepG2-CM-induced ERK phosphorylation
(Figure 7c). Moreover, pretreatment with U0126, an inhibitor
of phosphorylation of ERK, abrogated the differences of a-
SMA or COX-2 expression and PGE, production between
MBL treated or untreated cells, despite their reduced expres-
sion after the treatment (Figure 7e-f). Together, these data
indicate that MBL interacts with HSCs directly and down-
regulates HCC-induced HSCs activation via ERK-mediated
COX-2/PGE, alteration.

Restoration of hepatic MBL expression in MBL deficient
mice abrogates the HCC growth

To determine whether restoration of hepatic MBL expression
could reduce tumor growth in MBL deficient mice, we generated
an Mbl2-expressing AAV. Tail vein injection of pAAV-MBL into
MBL™" mice restored MBL expression in liver (supplementary
Figure S8). We next examined the tumor features in WT and
MBL ™" mice that were treated with control AAV (pAAV-con) or
PAAV-MBL 4 weeks before the tumor cell injection. Similar to the
results shown in Figure 1, MBL ™~ mice after pAAV-con pretreat-
ment developed more visible tumor nodules and notable larger
maximal sizes of tumors, as well as marked higher tumor burden
than WT mice (Figure 8a). However, pAAV-MBL delivery nearly
completely eliminated the enhanced HCC growth in the absence
of MBL, indicated by comparable tumor growth in WT mice and
MBL™" mice (Figure 8a). The results of hepatic immunohisto-
chemical staining indicated that pAAV-MBL pretreatment
decreased the density of a-SMA" activated HSCs in MBL™~
mice, reaching a comparable level to that in WT mice
(Figure 8b). Moreover, a-SMA and COX-2 expression
(Figure 8c), as well as PGE, production (Figure 8d), were greatly
attenuated in tumor tissue from MBL™™ mice after pAAV-MBL
pretreatment. In addition, flow cytometric analysis showed that

Figure 3. MBL deficiency causes elevation of MDSCs in tumor tissue.

Representative plots (left panel) and statistical analysis (right panel) of (a) MDSCs (CD11b*Gr-1*), (b) G-MDSCs (CD11b*Ly6C'°WLy6G*) and M-MDSCs
(CD11b*Ly6C"9"Ly6G™) frequency in tumor tissue of WT or MBL™" mice were analyzed by flow cytometry. (c) Analysis of Gr-1 positive MDSCs in tumor tissues
by immunohistochemistry (each dot represents the average of 10 HPFs). Scale bars, 50 pm. The percentages represent the cell frequency in CD45* cells. The
percentages of (d) IFN-y*CD8" cells gated on CD3*CD8" T cells and (e) Tregs (CD25*Foxp3™ cells) frequency gated on CD4™ cell in tumor tissues of tumor-bearing
mice were analyzed by flow cytometry. (f) Representative histogram showed immue-checkpoint molecule PD-L1 expression on MDSCs and PD-1 expression on
CD3*CD8* T cells and Tregs in tumor tissue of WT or MBL™~ mice. The numerical values represent the mean fluorescence intensity (MFI, WT/MBL™"). Data are
presented as means + SEM (horizontal lines). *, P < 0.05; **, P < 0.01. The data representative of three independent experiments with similar results are shown.
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Figure 4. MBL deficiency is associated with an increase of activated HSCs.
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(a) Analysis of activated HSCs (a-SMA™ immunoreactive area, IRA) in tumor tissue of tumor-bearing WT and MBL™" mice. Scale bars, 50 um. a-SMA (b) and its mRNA
expression (c) in liver tissue were analyzed by immunoblot assay and RT-PCR, respectively. (d) Immunofluorescence analysis of co-localization of MBL (green) anda-
SMA (red) in situ in tumor tissues of WT mice and HCC patients. Scale bars, 25 pm. Quiescent HSCs (qHSCs) were separated from the normal WT mouse liver as
described in Materials and Methods. Activated HSCs (aHSCs) were obtained by culture gHSCs with Hepal-6-CM. MBL (e) and its mRNA expression (f) in gHSCs and
aHSCs were analyzed by immunoblotting and quantitative RT-PCR, respectively. Hepatocytes served as a positive control. The data representative of more than three

independent experiments with similar results are shown.

the levels of MDSCs percentage (Figure 8e), as well as G-MDSCs
and M-MDSCs (Figure 8f) in MBL ™" mice also returned to the
levels seen in WT mice following administration of pAAV-MBL.
These results indicate that local MBL expression could shape
tumor microenvironment via regulating HSCs activation and
MDSCs accumulation, thereby suppressing the HCC progression.

Discussion

Although partially contradictive, MBL has been linked to
the susceptibility, progression, and even prognosis of can-
cer. In this study, we have discovered that MBL deficiency
promoted tumor growth in a murine HCC model, which
was associated with elevation of tumor-infiltrating MDSCs
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Figure 5. MBL deficiency correlates with elevated COX-2 expression and PGE, production.

(a) The liver homogenate was collected to detect the PGE, production by ELISA. COX-2 protein (b) and its mRNA expression (c) in tumor tissues were analyzed by
immunoblotting and quantitative RT-PCR, respectively. (d) Analysis of COX-2 positive cells in tumor tissues by immunohistochemistry (each dot represents the
average of 10 HPFs). (e) Immunofluorescence double staining of COX-2 (green) and a-SMA* cells (red) and (f) quantification of a-SMA* cells with COX-2
overexpression (white arrow) in tumor tissues of tumor-bearing mice. Nuclei were counterstained with DAPI (blue). Scale bars, 25 um. Each dot represents the
average percentages of cells indicated by arrow on 10 HPFs. Data are presented as means + SEM (horizontal lines). ¥, P < 0.05; **, P < 0.01. The data representative of
more than three independent experiments with similar results are shown.

MBL+

and activated HSCs with increased COX-2 expression and HSCs directly and attenuates HCC-induced HSCs activation
PGE,; production. These effects were partially abrogated by via ERK/COX-2/PGE, pathway. In conclusion, these data
in vivo COX-2 inhibition and nearly completely eliminated suggest that MBL deficiency leads to more COX-2 expres-
by the AAV-mediated rescue of hepatic MBL expression. sion and PGE, production in HSCs in the liver microenvir-
Mechanistically, we demonstrate that MBL interacts with onment of HCC, which in turn promotes accumulation of



e1527650-8 J. LIET AL.

a.

i = =
N 1
- F
4 & Fy & &£ &
SC.236 DMS0 SC.338
; -
= =n
3 e
3 = e
2 . ,
T 2 —=p— e
& e
n 1 .
8,
R S S S
& &
DMSO SC-236
MBL-
"3! 9.0 DMSO
. 3 £ z
o ¥ EF 5
.3 T — 10 ——
Ly | h | =
;' 3,)‘ .—l_' S ——
= § == M5 § %
204 % . .
F . = S —
z — - 3 R .
] . L E B . =
- T & -
Pl : r -— 2 ¢ T r -
i Fy & & & é 4 & & &
) C-236 DMS0 SC-236 DMS0 SC-238
4' '"‘1”“."“—11
Jhw v e
* Ly6G
e. DMSO

CD3I'CDE"IFN-* calls(%)
e ¥ 5 B 2 §
F 3

DMSOD 5C-236
— L]
DMSO SC-236 o
MBL"- . WT MBL" - .
3.2%| 1.0% "1 15% 3 .
- - . NS
’ 3 [ T
" ] i ] . - =
" I B =
'] .-!'; N’t ,.. -~
i Ny ook MG ..o M ] & L&
W W e W' w W e @ W W e W oW w ﬁ *ﬁ'
CD25 DMSO 5C-236

Figure 6. COX-2 inhibition abrogates the MBL deficiency-promoted tumor growth and MDSC accumulation.

Mice received daily intraperitoneal injections of either selective COX-2 inhibitor SC-236 or vehicle (DMSO) throughout 21 days of HCC model establishment. Mice
were then sacrificed. The liver tumor nodules and maximal tumor size (a) as well as liver index (b) were examined. Scale bars, 1 cm. Representative plots and
statistical analysis of (c) MDSCs (Gr-1"CD11b*), (d) G-MDSCs (CD11b*Ly6C"°"Ly6G*) and M-MDSCs (CD11b*Ly6C"9"Ly6G") frequency in CD45* cells in tumor tissue of
the two mice groups. The percentages of (e) IFN-y*CD8" cells gated on CD8" T cells and (f) Tregs (CD25*Foxp3* cells) frequency gated on CD4* T cell in tumor
tissues of tumor-bearing mice were analyzed by flow cytometry. Data are presented as means + SEM (horizontal lines). NS, not significant. *, P < 0.05; **, P < 0.01.
The data representative of at least three independent experiments with similar results are shown.
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Figure 7. MBL regulates the ERK-mediated alteration of COX-2/PGE, in the HSCs.

(a) Analysis of MBL expression in LX-2 cells by immunoblotting. (b) LX2 cells were incubated with biotin-labeled MBL or not, then stained with avidin-FITC. The levels
of cell-bound MBL were determined by flow cytometry. LX-2 cells were cultured with HepG2-CM and/or MBL for 24h, subsequently the a-SMA, COX2, P38, ERK1/2,
phosphor-P38 and phosphor-ERK1/2 levels were measured by immunoblotting (c); a-SMA and COX2 mRNA expression in these cells were confirmed by RT-PCR (d). a-
SMA, COX2, ERK1/2 and phosphor-ERK1/2 levels in HepG2-CM activated LX-2 cells cultured with MBL and pretreated with U0126, an inhibitor of phosphorylation of
ERK, were assayed by immunoblotting analysis (e). (f) PGE, production in the culture supernatant was determined by ELISA. For all immunoblotting assays, GAPDH
was included as the internal loading control. Data are presented as means + SEM (horizontal lines). NS, not significant. *, P < 0.05; **, P < 0.01. The data
representative of at least three independent experiments with similar results are shown.

MDSCs, induction of Tregs and impairment of CD8" T cell
function in tumor, thereby accelerates tumor growth. These
finding provides a new insight into the mechanism of MBL
action in tumor and extends our understanding of the liver
microenvironment of HCC.

MBL, as a soluble collectin, can activate the lectin comple-
ment pathway, enhance phagocytosis of microorganisms by
leukocytes, and modulate inflammation.> Studies in cancer
patients suggest that MBL may contribute either to the devel-
opment or to the inhibition of tumor growth.'” Although
MBL has been suggested to have a cytotoxic effect on colon
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adenocarcinoma cells in vitro and in vivo following MBL
binding to cancer cells, little is known about the underlying
regulatory mechanisms of MBL in tumor.’>*" In the current
study, we demonstrated an enhanced tumor growth in MBL
deficient mice compared with WT mice in a murine HCC
model, which could be abrogated by the AAV-mediated liver-
specific MBL expression. These finding showed that local
MBL exerts its anti-tumor function, consistent with the early
report that vaccinia virus-mediated local MBL synthesis lead-
ing to a marked reduction in the tumor size independent of
the complement activation.”® Our present work also indicates
that MBL is expressed in the liver tissue from both experi-
mental and human HCC, which is supported by previous
reports of the liver, particularly hepatocytes, as a pivotal
source of MBL,*> However, its expression can hardly be
detected in the intra-tumoral region of HCC, which indicated
that there was not any interaction of MBL with HCC cells.
Together with the data showing that serum MBL levels in
HCC patients were lower than that in healthy individuals,"
our finding suggests that MBL expression decreases upon
transformation of hepatocytes into malignant cells. However,
this possibility needs to be further investigated. Moreover, the
purified MBL protein does not have any significant effect on
the proliferation and viability of HCC cells in vitro, which
rules out a direct effect of MBL on tumor cells and implicate
its potential contribution to liver tumor microenvironment.
These data reveals that there are mechanisms by which MBL
exerts its tumor suppressive role except its interaction with
cancer cells as reported before.

It is well-known that MDSCs, which can be phenotypically
divided into G-MDSCs and M-MDSCs subgroups, are abun-
dant in the HCC microenvironment and play a vital role in
supporting tumor progression by impairing antitumor immu-
nity through inhibition of CD8" T-cell responses and/or
induction of Tregs*>*>’ Indeed, the marked elevation of either
tumor-infiltrating MDSCs or both their subgroups in MBL-
deficient mice, accompanied by increased Tregs and decreased
IFN-y*CD8" T cells, indicates that enhanced HCC growth in
the absence of MBL may be attributed to the failure of
immune surveillance. It has been reported that mouse fico-
lin-B that can activate the lectin pathway of the complement
system like MBL was highly expressed in G-MDSC.**
Additionally, the interaction of complement C5a and C5aR
in MDSCs could affect recruitment of MDSCs and their
activation.® Collectively, these data have raised the question
of whether there may be an association of local MBL with
MDSCs in tumor, which has been not elucidated vyet.
However, in the current study we observed that most
MDSCs do not colocalize with MBL in situ in tumor tissue,
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although the interaction of MBL with MDSCs in other organs
could not be excluded.

Abnormal activation of HSCs and peri-tumoral recruitment
of MDSCs was one of the hallmarks of HCC progression in the
liver tumor microenvironment.>>*® Numerous studies have
shown that HSCs, which are the major subtype of stromal
cells, were co-opted to promote tumor growth in both mice
and human by regulating tumor-associated immune responses
via induction of MDSCs and Tregs in liver cancer.””*®
Additionally, the previous study demonstrated that COX-2,
which is the major regulator of PGE, synthesis, as well as
PGE, was the critical factor needed for MDSCs development,
accumulation, and functional stability in the cancer
environment.”” Recent evidence showed that activated HSCs
were required for accumulation of MDSCs in tumor through
the COX-2-PGE, pathway, which in turn promoted tumor
development.?” In this study, we uncovered that the frequency
of a-SMA™ activated HSCs in the tumor was significantly
increased in MBL™~ mice. PGE, production and the COX-2
expression were also notably increased in tumor tissues in the
absence of MBL. It should be noted that COX-2 is expressed
predominantly in activated HSCs, which is in agreement with a
recent study reporting COX-2 overexpression and excess PGE,
production in HSCs in tumor area of nonfibrotic NASH-asso-
ciated HCC patients.** In addition, the contribution of the
COX-2/PGE, pathway to the elevation of tumor-infiltrating
MDSCs and tumor growth in MBL deficient mice has been
further confirmed by pharmacological inhibition of COX-2 in
vivo, which partially eliminates either the enhanced tumor
growth or the excessive MDSCs accumulation.

The underlying regulatory mechanisms of HSC activation
in TME need to be further addressed.*' In this study, we
observed the colocalization of MBL and a-SMA™ activated
HSCs in the peri-tumor region of either mouse or human
HCC, but the MBL expression was hardly detected in either
mouse HSCs or human HSC line LX-2 cells. It is not surpris-
ing that MBL can bind to the surface of LX-2 cells given our
recent study showing that MBL could bind to calreticulin on
the T cell surface' and the calreticulin has been reported to
be present on the LX-2 cell surface.** This finding also could
be supported by the previous data demonstrated that comple-
ment components such as C5a and mannan binding lectin-
associated serine protease 1 (MASP-1), as well as Clq/tumor
necrosis factor related protein 3 (CTRP3) with a collagen
domain and a globular Clq domain that was similar with
MBL, could modulate the HSCs activation.*’”** Indeed, our
present work showed that this MBL binding can attenuate
HepG2-CM induced LX-2 cell activation, indicated by a-SMA
expression. Furthermore, we demonstrated that MBL also
downregulates the HepG2-CM induced COX-2 expression

Figure 8. AAV-mediated restoration of hepatic MBL abrogated MBL deficiency-promoted tumor growth.

The following parameters were measured in liver tumor tissues of WT and MBL™~ mice in the murine HCC model established as described in Figure 1. pAAV-con and
pAAV-MBL vectors were administered 3 weeks before hepal-6 cell injection. (a) Liver tumor number, maximal tumor size and liver index were monitored. (b) The
frequency of a-SMA™ activated HSCs in liver sections was evaluated by immunohistochemistry. (c) a-SMA and COX-2 protein expression and (d) PGE, production in
the liver were determined by immunoblotting and ELISA respectively. (¢) MDSCs (Gr-17CD11b*), (f) G-MDSCs (CD11b*Ly6C'°"Ly6G") and M-MDSCs
(CD11b*Ly6C"9"Ly6G™) frequency in liver tumor tissue. The percentages represent the cell frequency in CD45" cells. Data are presented as means + SEM (horizontal
lines). NS, not significant. *, P < 0.05; **, P < 0.01. The data representative of at least three independent experiments with similar results are shown.
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and PGE, production via ERK pathway in LX-2 cells. Taking
into account that COX-2 expression was provoked during
HSCs activation via the p44/42MAPK (ERK1/2) pathway
and its transcriptional upregulation sometimes depended on
the p38MAPK pathway,”®*® we further examined the poten-
tial involvement of these pathways in the MBL effect on HCC-
induced COX-2/PGE2 alteration. Indeed, ERK and p38 phos-
phorylation increased markedly during HepG2-CM-induced
LX-2 activation, consistent with a previous study showing that
ERK and p38 phosphorylation was a marker of HSCs
activation.”” Interestingly, HepG2-induced ERK phosphoryla-
tion but not p38 phosphorylation is reduced upon MBL
treatment. This could be explained by the previous observa-
tion that RAS-RAF-MEK-ERK cascade may control the pro-
liferation and differentiation of activated HSCs, but not
quiescent HSCs.*® Moreover, the alteration of a-SMA and
COX-2 expression and PGE, production in LX-2 cells due
to MBL treatment were eliminated by inhibition of phosphor-
ylation of ERK, indicating that the ERK pathway was involved
in the MBL-mediated HSCs regulation. Taken together, these
data suggest that MBL deficiency leads to enhanced COX-2
expression and PGE, production in HSCs in the liver micro-
environment of HCC, which in turn promotes accumulation
of MDSCs, induction of Tregs and impairment of CD8" T cell
function in tumor, thereby accelerates tumor growth.

Since that liver is the pivotal source of MBL which is
mainly produced by hepatocytes,”> we have generated an
MBL expression vector using AAV type 8 under the control
of the liver-specific Tbg promoter as previously described*’ to
restore the MBL expression in MBL-deficient mice. This MBL
restoration nearly completely abrogated the phenotype caused
by MBL deficiency, including enhanced tumor growth,
MDSCs accumulation, and increased HSCs activation.
Consequently, these data provide compelling evidence that
MBL may exert its tumor suppressive function in HCC sup-
pression by regulating HSCs activation and resultant MDSCs
accumulation. Therefore, our work elucidates an unknown
feature of MBL function in suppression of tumor develop-
ment by modifying the TME via its interaction with the
mesenchymal cells. Future work is necessary to further define
the mechanisms of underling MBL-mediated suppression of
tumor development in TME, especially its interaction with the
mesenchymal cells, and to develop potential therapeutic appli-
cations based on its antitumor activity for treatment of HCC.

Materials and methods
Mice

All experiments involving animals were approved by The
Institutional Laboratory Animal Care and Use Committee at
Southern Medical University (Guangzhou, P.R. China). Wild
type (WT) C57BL/6] mice were purchased from Guangdong
Laboratory Animal Center (Guangzhou, P.R. China). The
mice deficient in MBL (MBL™") on a C57BL/6] background
were purchased from the Jackson Laboratory in the USA. The
mice were housed under specific pathogen-free conditions, on
a 12-hour light-dark cycle, and with food and water ad

libitum. Male 6- to 8-week-old mice were used for all the
experiments in this study.

Mouse model

For orthotopic hepatocellular carcinoma (HCC) model,
2 x 10° Hepal-6 cells in 1.5 ml PBS were injected via tail-
vein in 5s. The mice were sacrificed three weeks later for
analysis. Their livers were weighed and removed to analyze
tumor size, number of tumor nodules. The maximal tumors
were measured with fine digital calipers, and the tumor
volume was calculated by the following formula: tumor
volume = 0.5x width® x length. Tumor number or liver
weight was evaluated in a blinded manner between WT and
MBL™" mice but not random allocation.

In vivo COX-2 inhibition

To inhibit COX-2 in vivo, mice received daily intraperitoneal
injections of 200 pl of either the selective COX-2 inhibitor, SC-
236 (3 mg/kg, firstly dissolved in 100% dimethylsulphoxide
DMSO to make a 3 mg/ml stock solution and further diluted
with PBS, R&D Systems, USA) or vehicle (10% DMSO) respec-
tively, throughout the 21 days of HCC model establishment.
This dose was chosen based on studies indicating effective
selective COX-2 inhibition at this dose in rodents.™

AAV-mediated hepatic MBL restoration

For hepatic MBL restoration, the AAV vector expressing
mouse MBL2 under the control of the liver-specific thyroid
hormone-binding globulin (Tbg) promoter was generated by
Obio Technology (Shanghai, P.R. China). AAV-TBG-GFP
(pAAV-control) or AAV-TBG-MBL2-GFP (pAAV-MBL)
(1 x 10" genome copies/mouse) was delivered by tail vein
injection 3 weeks before Hepal-6 cell injection.

Patient samples

Paraffin-embedded, formalin-fixed liver sections were obtained
from 6 patients who underwent curative resection with HCC
pathologically confirmed at Nanfang Hospital, Southern Medical
University, Guangzhou, P.R. China. All samples were coded
anonymously according to local ethical guidelines, as stipulated
by the Declaration of Helsinki, with the written informed con-
sent and a protocol approved by the Institutional Review Board
of Nanfang Hospital, Southern Medical University.

Statistical analysis

All values were expressed as meant SEM. Unpaired Student’s
t test or one-way ANOVA was used as specified. P < 0.05 was
considered significant. ~Statistics were calculated with
GraphPad Prism version 5, GraphPad Software.

Additional methods

Detailed methods are provided in the Supplementary materi-
als and methods.
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