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ABSTRACT

Background: The functions of dendritic cells (DCs) are influenced
by their intracellular metabolism, in which liver kinase B1 (LKBI)
plays an important role. However, due to the difficulty in isolating
the DCs, the roles of LKBI in DC maturation and functions in
tumor settings have been poorly characterized.

Objective: To investigate the roles of LKBI in DC functions
including phagocytosis and presentation of antigens, activation, T
cell differentiation, and ultimately tumor eradication.

Methods: Genetic modification of Lkb! in the DCs was made by
lentiviral transduction, and their impacts on T cell proliferation,
differentiation, activity, or B16 melanoma metastasis were examined
by flow cytometry, qPCR, or lung tumor nodule counting.
Results: LKBI1 did not affect antigen uptake and presentation by
the DCs, but facilitated the stimulation of T cell proliferation.
Interestingly, following T cell activation, Foxp3-expressing
regulatory T cells (Treg) were increased (P=0.0267) or decreased
(P=0.0195) in mice injected with Lkbl knockdown DCs or
overexpressing DCs, respectively. Further exploration revealed
that LKB1 inhibited OX40L (P=0.0385) and CD86 (P=0.0111)
expression, and these co-stimulatory molecules enhanced Treg
proliferation, and downregulated immune suppressive cytokine IL-
10 (P=0.0315). Moreover, we found that the injection of the DCs
with limited LKBI1 expression before tumor inoculation could
reduce their production of granzyme B (P<0.0001) and perforin
(P=0.0042) from CD8&'T cells, thereby impairing their cytotoxicity
and promoting tumor growth.

Conclusion: Our data suggest that LKB1 can enhance DC-
mediated T cell immunity by restraining Treg development and
thereby suppressing tumor growth.
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INTRODUCTION

As a highly conserved and widely expressed
serine-threonine kinase to modulate various
AMP-activated protein kinase superfamily
members, as well as their downstream
kinase, liver kinase B1 (LKBI), is involved in
controlling cell growth, metabolism, cellular
responses to energy stress and polarization
(1-4). Therefore, LKBI is important for
regulating the survival of hematopoietic
stem cells, neuromuscular development,
polycystic kidneys, and fibrosis (1, 5-7). Not
only that, but also the deletion or mutation of
the Lkbl gene has been frequently reported
in various cancers from different tissues
(8-11). Therefore, LKBI1 is also termed a
tumor suppressor. The immune system is
an important defense line to inhibit tumor
growth. Dendritic cells (DCs) serve as the
most effective antigen-presenting cells (APCs)
in all immune cells. It has a significant impact
on stimulating the immune responses. When
DCs are stimulated by antigens, they undergo
migration and become mature. Mature DCs
highly express co-stimulatory molecules and
major histocompatibility complex (MHC)
molecules, to initiate, modulate and maintain
immune responses (12). Moreover, DCs can
secrete a variety of T cell polarizing factors to
trigger the differentiation of Thl (13), Th2 (14),
Th17 (15), Treg, etc. (12). Recently, a critical
role of intracellular metabolic pathways
in DC activation and immunogenicity has
been noticed (16, 17). The immunogenicity
of DCs relies on a synthetic metabolic
process driven by glycolysis, while the
resting and tolerogenic DCs are associated
with the more catabolic type of metabolism,
represented by enhanced fatty acid oxidation
and mitochondrial oxidative phosphorylation
(18-20). Since LKBI is a key factor in
regulating intracellular energy metabolism,
it is vital to study its effects on immune cells,
including DCs, the most powerful APC in
host immunity.

Recently the regulation of immune cell
function by LKBI has been increasingly
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reported. For example, the precursors of T
cells lacking LKBI fail to develop normally
(21, 22); Tregs with LkbI knockout cannot
stably express Foxp3 and cannot play an
immunosuppressive role (23-25); LPS-
induced inflammation was more severe in
myeloid cell-specific LkbI knockout mice
than in wild-type mice (26, 27). There are
also reports about the effect of LKBI on DC
functions. The specific knockout of Lkbl
in CDllc" cells can lead to an increase of
CDS8'DCs and a decrease of CD11b"DCs (28).
Furthermore, specific knockout of Lkbl in
DC leads to great amplification of Tregs,
especially thymus Tregs in vivo (28-31).

Although several studies have investigated
this issue in the past, different results have
been raised due to the different experimental
conditions, some of which are, indeed,
contradictory (18, 28, 32). In the present
study, we detected the effect of LKBI1 on
purified DC by using a stable DC cable with
the Lkbl gene knockdown or overexpress.
Except for the in vitro characterization, the
antitumor effect of LKBI1 on DCs was also
assessed in vivo in an antigen-specific tumor
model, providing insight into the treatment
of tumors.

MATERIALS AND METHODS

Cell Lines and Mice

DC2.4 is a cell line of GM-CSF-derived
bone marrow DCs (GMDCs) from C57BL/6
mice with an immature phenotype, a gift from
Prof. Dong Yongjun of Tsinghua University,
China (33). B16-OVA are OVA-expressing
B16 melanoma cells and were kindly provided
by Prof. Xuefeng Wang, Suzhou University,
China.

Aged 8-11 weeks C57BL/6 and Balb/c
mice employed in this research were held in
a specific pathogen-free (SPF) animal house
in the Model Animal Research Center of
Anhui Normal University (AHNU) Animal
Facilities. All programs performed on mice
were in agreement with the conditions
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established and approved by the AHNU
Animal Experimentation Ethics Committee.

Generation of LkbI-modifying Lentivirus

Complete Lkbl sequences were obtained
from the mice genome and constructed
into the pLJM-overexpression vector using
the restriction endonuclease EcoRI/Nhel.
Alternatively, the shRNA of Lkbl was
inserted into pLKO.1 vector by EcoRI/Agel.
Then, the modified plasmids were transduced
with packaging plasmids pSPAX2 and VSVG
into 70-80% confluent 293 T cells using
LipofiterTM, where an empty vector was used
as a control. 48 h later, the supernatant was
harvested, centrifuged (2000 xg, 10 min, 4
°C), and filtered through a 0.45 mm filter tip
to obtain the complete lentiviral vector.

Construction of Gene-modified DCs

DC2.4 cells (1x10°) were cultured in a 24-
well plate with 2 mL of fresh media to grow
up to 70-80% confluency before they were
infected with competent lentivirus encoding
LkblI or shLKBI1 or empty vectors for 24 h,
and replaced with fresh media afterward. 72
h later, puromycin (2mg/mL) was added to the
infected cells to screen for cells transduced
with the target gene. The LkbI high-expressed
or knockdown DCs were verified by qPCR,
and used for subsequent experiments.

Flow Cytometry

Single-cell suspensions were stained
with different combinations of anti-mouse
MHCII (APC, M5/114.15.2) (Invitrogen,
17-5321-82), anti-mouse CDllc (PE-Cy7,
N418) (Biolegend, 117318), anti-mouse CD86
(FITC, GL1) (eBioscience, 11-0862-82), anti-
mouse OX40L (PE, RM134L) (eBioscience,
12-5906-82), anti-mouse SIINFEKL/H2kb
(APC, 25-D1.16) (eBioscience, 17-5743-
82), anti-mouse CD3 (PE/cy7, 145-2Cl11)
(eBioscience, 25-0031-82), anti-mouse CD4
(PE, GK1.5) (eBioscience, 12-0041-82), anti-
mouse CD25 (APC, PC61.5) (eBioscience,
17-0251-82), anti-mouse CD69 (APC, H1.2F3)
(eBioscience, 17-0691-82) antibodies and
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propidium iodide (1 pg/mL) were added to
distinguish the dead cells. BD FACS Canto II
flow cytometer (BD Biosciences) was used in
cell analysis. The software Flow Jo (Tree Star,
Ashland, OR, USA) was used to analyze the
data. Cells-only or unstained controls were
used as criteria to set the markers and regions.

Analysis of the Phagocytosis of DCs

The uptake ability of DCs was analyzed
using the previously described method (34).
Briefly, 0.2x10° DCs were cultured with
fluorescent OVA-FITC (Bersee, BFR552) (50
pug/mL) in 0.5 mL complete media at 37°C
cell culture incubator for 4 h. The cells were
washed with PBS before being analyzed by
flow cytometry immediately. Negative control
cells were incubated at 4°C with OVA-FITC.

Mixed Lymphocyte Reaction

Mixed lymphocyte reaction in vitro was
executed by the methods described before (34),
with slight modification. Briefly, allogeneic
CD4" T cells from the spleen of Balb/c mice
were sorted by flow cytometer and labeled
with CFSE (Invitrogen, C34570) at 37 °C for
20 min. Then, CD4" T cells labeled with CFSE
were co-cultured with DCs for 72 h in different
proportions (DCs: T cells=1:5,1:10,1:20,1:40)
in 96-well U-bottom plate and purified CD4*
T cell were planted in 50000 cells/well. DCs
were treated with 25 pg/mL mitomycin C for
half an hour in advance. Three days later,
CD4" T cell proliferation was determined by
CFSE dilution detected by flow cytometry.

CD4* T cell Differentiation Assay

For three consecutive weeks, 500 pg
of OVA was injected intraperitoneally
into C57BL/6 mice once a week. In the
fourth week, 1x10° OVA-pulsed DCs were
administered intravenously into the OVA-
immunized mice. Three days later, the
spleens of DC-injected mice were isolated
and single-cell suspensions were prepared
and stimulated with ionomycin, phorbol
12-myristate 13-acetate, and brefeldin A at
37 °C for 4 h. Then, the cells were washed and
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stained with antibodies against CD3 or CD4
before they were perforated by the fixation
and permeabilization kit (BD Biosciences,
554722). Subsequently, the cells were stained
with antibodies against IFN-y, IL-17A, IL-
4, and IL-10 intracellularly. Differently,
in Foxp3 staining, the cells are fixed and
permeabilized with Foxp3 buffer. Finally,
these cells were detected by flow cytometry.

Cytokines Production in DC Supernatant
The supernatants were collected after
incubating 1x10°/ml DC2.4 in fresh media for
20 h, IL-10 and IL-6 were analyzed by ELISA
according to the manufacturer’s instructions.

RNA Extraction and gPCR Analysis

Trizol (Sangon Biotech, B511311) was used
to extract total RNA at 42°C for five minutes,
and genomic DNA was removed at 42 °C for
15 min and reverse transcribed to cDNA at
95°C for 3 min with the PrimeScriptTM RT
kit (Accurate Biology, AG11705) following the
manufacturer’s instructions. The expression
of Lkbl, granzyme, perforin, and actin on
mRNA level was quantified by CFX96 real-
time PCR detection system (Bio-Rad), and the
data was analyzed by CFX Manager Software.
The primer sequences for the indicated genes
are: f-actin forward: AGC CAT GTA CGT
AGC CAT CC, f-actin reverse: TCC CTC
TCA GCT GTG GTG GTG AA; LkbI forward:
TCC TGG AAG AGG AAG TGG GT, Lkbl
reverse: CCT TCT GGC TTC AC CTT GCT,
granzyme forward: CCA CTC TCG ACC CTA
CAT GG, granzyme reverse: GGC CCC CAA
AGT GAC ATT TAT; perforin forward: AGC
ACA AGT TCG TGC CAG G-3', perforin
reverse: GCG TCT CTC ATT AGG GAG
TTT TT. All the data were expressed relative
to f-actin as reference genes.

Statistical Analysis

All the data were performed with Graph
Pad Prism software and expressed as the
mean+SD. All the experiments were repeated
at least three times with similar results, and
the means and standard deviations of the
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multiple replicate samples are displayed in
the graphs. Differences in statistics between
groups have been analyzed by the Student’s
t-test; P values<0.05 were regarded as
statistically significant. (*P<0.05, **P<0.01,
*EEP<0.0001).

RESULTS

The Successful Construction of Gene-
modified DCs

To obtain Lkbl gene-modified DCs, we
first amplified the coding sequence of the Lkb!
gene from the spleen cells of a mouse (Figure
1A) and this coding sequence was inserted
into the overexpressed lentiviral vector
pLIM-empty using the restriction enzymes
EcoRI, Nhel and DNA ligase. With a similar
approach, the synthetic shLkbl (Figure
S1A) was constructed into the lentiviral
vector pLKO.1 to make an LkbI knockdown
vector. Subsequently, these two recombinant
plasmid vectors were transformed into E.
coli and positive colonies were verified by
PCR (Figures 1B, S1B), and the correct
sequence of the target gene was confirmed by
sequencing (Figures 1C, S1C). Furthermore,
the verified LkbI-modifying plasmids and
two packaging plasmids were co-transduced
into 293FT cells using liposome transduction
reagent to generate a complete lentivirus that
could effectively infect immobilized DC
line, DC2.4 (33). Finally, the quantitation of
LkbI gene expression in transduced DCs was
performed by reverse transcription qPCR,
where DCs infected with LkbI overexpression
recombinant pLJM-LKBI plasmids (LKB1°¢
DCs) expressed more LKB1 at the mRNA level
than the control DCs transduced with empty
plasmids (Vector® DCs) (P=0.0016) (Figure
ID). Similarly, DCs infected with lentiviral
vectors with recombinant pLKO.1-shLKB1
plasmids (LKB1* DCs) had significantly lower
expression of LkbI transcripts, compared with
the DCs infected with lentiviruses containing
the control vectors (vector®™ DCs) (P=0.0024)
(Figure S1D).
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Figure 1. Successful establishment of LKB1-overexpressed DC lines. (A) PCR amplification of the whole
Lkb1 gene fragment derived from mouse spleen. (B) The Lkb1 overexpressing recombinant plasmids
were transformed into active Escherichia coli and amplified. The positive clones were identified by
bacteria PCR. (C) Schematic diagram of the comparison between sequencing results and target genes.
(D) The relative LKB1 mRNA expression in DC2.4 with Lkb7 overexpressed DCs (LKB1°¢ DCs) and their
mock-transduced controls (Vector®" DCs) were detected by RT-qPCR. The mRNA levels of LKB1 were
normalized to B-Actin mRNA. Error bars represent the mean+SD. from three repetitions of an experiment.
**P<0.01, unpaired t-test. LKB1: liver kinase B1; DC: Dendritic cell; LKB1°¢ DCs: Lkb1 overexpressed DCs

LKBI Promotes the  DC-induced
Proliferation of CD4" T cells
Following the successful genetic

modification of Lkbl in DCs, the effects
of LKB1 on DCs were investigated. The
presentation of antigens and activation of T
cells are the most important functions of DCs
Therefore, the effect of LKB1 on the ability
of DCs to stimulate T cell proliferation was
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the first to be examined. We sorted allogeneic
CD4" T cells and co-cultured these CD4" T
cells with LKB1°¢ DCs or Vector™ DCs in
96-well U-bottom plates after CFSE staining,
72 h later, the expansion of these T cells was
examined by flow cytometer. As expected,
proliferating CD4" T cells increased as the
proportion of DCs increased in the system,
this suggests that the stimulation of T cells
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by DCs is dose-dependent (Figures 2A, B). DCs were used to verify this result in vivo.
Moreover, regardless of the ratio of DCs to OVA-pulsed Vector™ DCs or LKB1* DCs
T, the expansion of CD4" T cells mediated were intravenously injected into mice. We

by LKB1°¢ DCs was significantly higher than found that more intravenously injected DC2.4
that of the Vector® DCs (Figures 2A, B), reaches the spleen relative to the lymph nodes

although the survival rate was the same for all (Figure S2). Therefore, three days after
DCs (data not shown). Furthermore, LKB1* inoculation with OVA-pulsed Vector*™ DCs or
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Figure 2. LKB1 promotes the DC-induced proliferation of CD4 T cells. (A) After half an hour of mitomycin
C treatment, LKB1°¢ DCs and Vector®" DCs were co-cultured with CSFE-labelled allogeneic CD4*
T cells for 3 days as described in methods. The CFSE dilution of CD4 T cells was examined by flow
cytometry and (B) the proliferated CD4 T cells were plotted into a histogram. (C, D) OVA-pulsed LKB1
DCs and Vector® DCs were intravenously injected into OVA-sensitized mice. Three days later, a single-
cell suspension of the spleen was taken from mice. (C) The expression of CD69 and CD25 on CD4 T cells
was detected by flow cytometry. (D) The expression of Ki67 at CD4 T cells was detected by flow cytometry.
All experiments were repeated at least two times and similar results were obtained. Bar graphs represent
the meanxSD from three repetitions of an experiment.*P<0.05, **P<0.01, unpaired t-test. DC: Dendritic
cell; LKB1°¢ DCs: Lkb1 overexpressed DCs; LKB1: liver kinase B1; LKB1* DCs: Lkb1 knockdown DCs;
CSFE: Carboxyfluorescein Succinimidyl Ester

150 Iran J Immunol Vol. 20, No. 2, June 2023



LKB1 Regulates T cell Immunity by DCs

LKBI1* DCs, single-cell suspension of spleen
was taken from mice, and the expression of
CD25, CD69, and Ki67 at CD4" T cells was
measured. We found that CD25, a marker
of late activation on the surface T cells,
reduced (P=0.0029) in the spleen of mice
injected with LKBI1* DCs, although CD69
the marker of T cell early activation was not
a significant change (P=0.2584) (Figure 2C).
Moreover, the expression of Ki67 in CD4* T
cells of mice injected with LKBI1* DCs also
significantly decreased (P=0.0217) compared
with the Vector®™ DC-injected mice (Figure
2D). These results suggest that LKB1 in DCs
regulates the activation and proliferation of
downstream CD4" T cells.

LKBI Does Not Affect Antigen Uptake by
DCs

DCs engulf, process, and finally present
antigens to T cells, thereby activating

OVA-FITC

Vector

-

OVA-FIT

LkB1°°DC

VectorCtrl DC

ctrl

LkB1"“DC

downstream T cell responses. To exclude the
possibility that different antigen uptake due to
LkbI mutation leads to different DC-induced
downstream T cell responses, we further
analyzed the capacity of the genetically
modified DCs to engulf OVA antigens.
DCs were co-cultured with OVA protein
conjugated with fluorescence (OVA-FITC)
for 4 h and their ability to phagocytose OVA-
FITC was tested by flow cytometry. We found
that the OVA-FITC expressed in LKB1°* DCs
was similar (P=0.9672) to Vector“™ DCs
(Figure 3A). Consistent with this, the same
levels (P=0.1255) of OVA-FITC in Vector®
DCs or LKBI* DCs was found (Figure 3B).
These results suggest that the phagocytosis
of OVA by DCs was not affected by LKBI.

LKBI Selectively Inhibits DC-mediated
Differentiation of CD4" T cells toward Treg
Following the proliferation activated by
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Figure 3. LKB1 does not affect antigen uptake by DCs. DCs were cocultured with OVA-FITC for 4 h
and the phagocytosis was detected by flow cytometry. The endocytosis was assessed by comparing
the differences in the mean fluorescence intensity (MFI) between 37°C and 4 ‘C (AMP'=MFI37°C-MF[#€).
(A) Phagocytosis of LKB1°¢ DCs and Vector®" DCs was measured by flow cytometry. (B) Phagocytosis
of LKB1+ DCs and Vectorc DCs was measured by flow cytometry. Bar graphs represent the mean+SD
from three repetitions of an experiment. LKB1°¢ DCs: Lkb1 overexpressed DCs; OVA-FITC: Ovalbumin
conjugated with fluorescence; LKB1* DCs: Lkb71 knockdown DCs; MFI: Mean fluorescence intensity;

OVA: Ovalbumin
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DCs, T cells expand in numbers, during which
they are also differentiated into different
effector cells. To investigate whether LKB1
affects DC-mediated T cell differentiation,
OVA-pulsed DCs was injected into OVA-
sensitized mice. Three days later, CD4" T
cell differentiation in the spleen was detected
by flow cytometry. Using effector molecules
IFNy, IL-4, and IL-17A as the markers of Thl,
Th2, and Thl7, respectively, we observed

that the proportion of Thl (P=0.9499), Th2
(P=0.8750) and Thl7 (P=0.4620) in the
spleen of mice injected with LKB1°¢ DCs
had no significant change compared with
the control group (Figure 4A). Interestingly,
when Treg differentiation was inspected,
the proportion of Foxp3* Treg (P=0.0195)
significantly  decreased (Figure 4B).
Functionally, we further examined the levels
of IL-10, a cytokine produced by Tregs, and
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Figure 4. LKB1 selectively inhibits DC-mediated differentiation of CD4 T cells toward Treg. (A-C) OVA-
pulsed LKB1°¢ DCs and Vector®" DCs were intravenously injected into OVA-sensitized mice. Three days
later, CD4 T cell differentiation in the spleen was detected by flow cytometry. A representative dot plot
(left panels) and the summarized results (right panel) are shown. (A) The expression of IFN-y, IL-4, or
IL-17A at CD4 T cells was detected by flow cytometry. (B) The expression of Foxp3 at CD4 T cells were
detected by flow cytometry. (C) The expression of IL-10 at CD4 T cells were detected by flow cytometry.
(D-F) OVA-pulsed LKB1% DCs and Vector®™ DCs was intravenously injected into OVA-sensitized mice.
After 72 h, CD4 T cell differentiation in spleen was detected by flow cytometry. A representative dot
plot (left panels) and the summarized results (right panel) are shown. (D) The expression of IFN-y or
IL-4 at CD4 T cells was detected by flow cytometry. (E) The expression of Foxp3 at CD4 T cells was
detected by flow cytometry. (F) The expression of IL-10 at CD4 T cells was detected by flow cytometry.
Bar graphs represented the mean+SD from 3 independent experiments. *P<0.05, **P<0.01, unpaired
T-test. LKB1°¢ DCs: Lkb1 overexpressed DCs; IFN: Interferon; IL: Interleukin; DC: Dendritic cell; LKB1:
liver kinase B1; LKB1% DCs: Lkb1 knockdown DCs
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found that the proportion of IL-10* CD4" T
cells (P=0.0126) also significantly reduced
(Figure 4C). Finally, reverse outcomes were
found in the experiments for Foxp3*CD4"
cells (P=0.0267) and IL-10" CD4" cells
(P=0.0017) with LKB1*¢ DCs (Figures 4E, 4F).
Collectively, these data suggest that LKB1
could specifically inhibit DC-induced Treg
differentiation.

LKBI Inhibits DCs to Express OX40L, CD86
and IL-10 for Treg Induction

Tregs are the important negative regulators
of host immunity. To explore the mechanisms
of LKBI suppressing DC-mediated Treg
differentiation, we first inspected the
production of Treg-inducing cytokine, IL-
10 from the LKBI- overexpressed DCs.
Following the examination of the supernatant
in Vector®™ DCs and LKB1°¢ DCs cultures
by ELISA, we found that the expression of
IL-10 (P=0.0315) was significant although

A

did not dramatically decrease in LKBI-
overexpressed DCs, whereas those of Thl17
polarizing cytokine, IL-6 (P=0.5642),
remain unchanged in the same samples
(Figures 5A, B), indicating a specific effect
on DC-derived IL-10 by LKBI. This is
because in addition to soluble factors, some
surface molecules, like OX40L and CD86
on DCs are also involved in Treg induction.
Thus, we also investigated the OX40L and
CDS86 expression in the LkbI gene-modified
DCs and found that the Lkb! knocked-down
DCs had upregulated OX40L (P=0.0385)
and CD86 (P=0.0111) expression than the
mock-transduced control DCs, whereas the
expression of other surfaces co-stimulatory
molecule, like CD80 (P=0.6332), was
similar between the two samples (Figures
5C, D). Collectively, these data suggest that
LKBI could regulate DC-mediated Treg
differentiation via both the surface molecules
and secreted factors from DCs.
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Figure 5. The impact of LKB1 on cytokine expression of DCs. (A) The concentrations of IL-10 in the
supernatants from LKB1°¢ DCs and Vector®" DCs were assayed by ELISA. (B) The concentrations of
IL-6 in the supernatants from LKB1°¢ DCs and Vector®" DCs were assayed by ELISA. (C) The expression
of OX40L, CD86, and CD80 on LKB1x DCs and Vector®" DCs was detected by flow cytometry. (D)
The figure on the right shows the statistical results. All the experiments were repeated at least two
times and similar results were obtained. Bar graphs represent the mean+SD from three repetitions of
an experiment.*P<0.05, unpaired T-test. DC: Dendritic cell; LKB1: liver kinase B1; LKB1°¢ DCs: Lkb1
overexpressed DCs; LKB1 DCs: Lkb1 knockdown DCs; MFI: Mean fluorescence intensity
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Antigen-specific ~ Tumor  Rejection  is
Compromised After the Adoptive Transfer of
LkbI-Knockdown DCs

Following the inspection of the impact of
LKBI1 on DC-induced CD4" T cell immunity,
we next investigated its effect on the activity
of CD8" T cells, and its anti-tumor efficacy.
To check DC-specific immune responses, we
primed mice with OVA-pulsed DCs, and then
the splenocytes from sensitized mice were
co-cultured with OVA for 5 days, and the
transcripts of perforin and granzyme from
CDS8" T cells were measured by gPCR. We
found that granzyme (P<0.0001) and perforin
(P=0.0042) significantly reduced after the

A

transfer of OVA pulsed LKB1* DCs (Figure
6A), indicating a killing promotive effect on
CDS8" T cells by LKBI1 in DCs. Finally, to
verify the promoting effect of LK B1 in DCs for
T cell immunity in an actual tumor-diseased
setting, OVA-expressed B16 melanoma cells
were used against OVA-pulsed DCs. OVA-
pulsed LKB1* DCs or Vector®™ DCs were
immunized in the paws of mice, and four days
later, B16-OVAs were injected intravenously.
Fourteen days after tumor inoculation, the
lungs of the mice were taken and tumor
nodules were counted. Immunization of OVA
pulsed Vector™ DCs effectively prevented the
metathesis of OVA-expressing melanoma
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Figure 6. Reduced anti-tumor efficacy of DCs after LKB1 knockdown. (A). The splenocytes from OVA-
pulsed LKB1* DCs and Vector®™ DCs sensitized mice were pulsed with 10 ug/mL OVA for five days
before cells were examined for their perforin and granzyme expression by RT-gPCR. (B) C57BL/6 mice
were immunized s.c. in both right and left heels with 1x108 OVA-pulsed LKB1* DCs or Vector®" DCs
four days before i.v. injection of 1x106 B16-OVA melanoma cells. Fourteen days later, the lungs were
harvested and tumor nodules were counted. The representative photos (left panel), and summarized
results (right panel) are shown. Bar graphs represented the mean+SD from 3 mice. *P<0.05, **P<0.01,
****P<0.0001, unpaired t-test. LKB1% DCs: Lkb7 knockdown DCs; DC: Dendritic cell; LKB1: liver kinase B1
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cells into the lung if not completely (Figure
6B), suggesting an antigen-specific tumor
suppressive effect. Noticeably, this antigen-
specific tumor suppressive effect was
hampered by pre-injection of LKBI* DCs,
and resulted in a significant increase in tumor
nodules (P=0.0257) (Figure 6B), indicating
that LKB1 in DCs plays an indispensable role
in DC-mediated immunity. Collectively, these
data suggest that DC immunogenicity for T
cell responses in vivo was regulated by LKBI1,
the loss of LKBI will result in compromised
tumor immunity.

DISCUSSION

In the present work, the role of LKBI in the
immune regulation of DCs was systematically
investigated using genetically modified myeloid
DCs in vivo. Stable LkbI knockeddown or
overexpressed DCs were obtained by the
delivery of genetically engineered units into
the genomic DNA of DC2.4 via lentiviral
vectors to probe the effect of LKB1 on DC-
mediated T cell immunity and tumor immunity
in clinical settings. We demonstrated that
LKBI is required to maintain the immunogenic
role of DCs in stimulating T cells in vivo,
with unique characteristics of specifically
inhibiting CD4" T differentiation into Treg.
Furthermore, the positive regulation of T cell
stimulation by LKBI is intrinsic to DCs, rather
than enhanced antigen uptake. In addition, the
selective suppression of DC-mediated Treg
differentiation by LKB1 was co-committed
with its inhibiting the expression of Treg-
inducing molecules OX40L and IL-10 in DCs.
Ultimately, the combined roles of promoting
immunogenic and suppressing immunotolerant
T cells by LKB1 in DCs greatly enhanced
immunological surveillance in the host and
inhibited tumor metathesis in vivo.

As the most powerful APC, the activated
DCs can effectively induce T cell proliferation.
However, the role of LKB1 on T cell
proliferation induced by DC is controversial.
Leonard et al. found that LKBI-deficient
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GMDCs had a stronger ability to promote
T cell activation and proliferation after LPS
stimulation in vivo (28). However, OVA-
specific T cell proliferation assays by Chen
et al. showed that LKBI1 did not affect the
ability of DCs to prime antigen-specific T cell
responses (30). In the experimental system
adopted by Leonard et al., GMDC was not
effectively purified. Since macrophages can
significantly promote inflammation after
LKBI deletion (26, 27), the large number of
macrophages in bone marrow-derived DCs by
GM-CSF (35) may affect the accuracy of the
experiment. In addition, the effect of LKBI
on the migration of GMDC also impacts the
stimulation of T cells by GMDC in vivo. Also
problematic is the different composition of
DC subtypes in CD11¢"MHCII" cells from
LkbI"" and CDI1c¢“LkbI" mice used by
Chen et al. It was found that the deletion of
LKBI in CDllIc* cells resulted in increased
CD8" DCs and decreased CDI11b* DCs,
although it did not affect the change of total
DC. These experimental defects may be the
main reason for the contradictory results. To
avoid the experimental error caused by the
disorderly cells and the influence of LKBI
on cell migration, we constructed Lkbl
-overexpressed DC cell lines and performed a
mixed lymphocyte reaction in vitro to measure
the ability of DCs to prime T cell responses
(Figure 2A). Although Lkbl knockdown led
to a higher expression of CCR7 (data not
show), the chemokine receptor associated
with DC migration, our results showed that
LkbI knockdown DCs did not enhance T cell
response in vivo, but instead damaged DC-
induced T cell activation and proliferation
(Figures 2C, D). Taken together, these results
suggest that LKB1 in DCs can promote DC-
induced T cell responses.

Consistent with our results, multiple
studies have shown that the deletion of
LKBI in CDllIc* cells leads to a significant
expansion of Treg, but these studies do not
have a unified view on how LKBI in DC
inhibits Treg differentiation (28-31). B7/CD28
co-stimulation represents a primary pathway
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for the promotion of the Treg homeostasis
(36-40). Several studies have shown that
CD80/CDS6 is essential for the DC-induced
Treg proliferation (37, 41, 42). OX40L on
DCs has also been reported to promote
Treg proliferation (43, 44). Therefore, to
investigate the mechanism by which LKB1
affects DC-induced Treg amplification, we
examined the expression of OX40L, CD86,
and CD80 on DCs after LkbI modification.
Higher expression of OX40L and CD86 was
found on LkbI - knockdown DCs (Figure 5).
Consistent with our results, a study found
that OX40L is concerned with the regulation
of the performance of LKBI on DCs-
induced Treg proliferation, and a following
study additionally found that LkbI-deficient
DC-induced Treg proliferation may well
be effectively eliminated once neutralizing
CD86 with anti-CD86 antibodies (28,
30). In addition, we also found that LKBI1
inhibited the secretion of IL-10 in DCs.
These results suggest that LKB1 can regulate
Treg proliferation not only by affecting the
expression of OX40L and CD86 on DCs, but
also by influencing the secretion of IL-10 in
DCs to affect the differentiation of CD4" T
cells to Treg.

In addition to the effect on CD4" T cells, we
further explored the effect of LKB1 in DCs on
CD8" T cells. We found that the expression of
granzyme and perforin considerably reduced
within the spleen of mice injected with LkbI-
knockdown DCs. Combined with the data
shown in Figure 2, it is straightforward to
visualize the positive impact of LKB1 on
DC-mediated host immunity. These findings
promoted us to test the therapeutic translation
of LKBI in the setting of the tumor. To
check DCs’ specific effect, the mice were
inoculated with B16-OVA, and the DCs
with Lkb1 knockdown or not were adoptively
transferred to compare the difference in tumor
eradication. Previous studies have shown that
mice with specific knockout Lkb/ in CD11c*
cells have significantly impaired their ability
to inhibit tumor growth (28-30). Consistent
with this, in our study, the knockdown of
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Lkb1 also reduced the therapeutic effect of
exogenous DC on tumors (Figure 6).

Altogether, the contribution of LKBI1 in
DCsto T cell immunity makes this molecule
a particularly appealing target for the
inhibition of tumor growth. Given that DCs
are consistently being investigated as vaccines
to improve host immunity, genetic targeting
of this potent immunogenic molecule in DCs
would be readily translated in the clinic to
restore the impaired anti-tumor immunity of
patients with cancer.
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