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SUMMARY

The encapsulated 2-deoxy-D-glucose in poly(lactic-co-
glycolic acid) nanoparticles showed antitumor immunity
and cytotoxicity in liver tumors in mice. These 2-deoxy-D-
glucose in poly(lactic-co-glycolic acid) nanoparticles not
only amplified antitumor effects induced by sorafenib or
anti–programmed death-1 antibody, but also suppressed
anti–programmed death-1–resistant tumors.
BACKGROUND & AIMS: Immune checkpoint inhibitors have
shed light on the importance of antitumor immunity as a
therapeutic strategy for hepatocellular carcinoma (HCC). The
altered glucose metabolism known as the Warburg effect
recently has gained attention as a cancer immune-resistance
mechanism. Considering glycolysis inhibitors as therapeutic
agents, their specific delivery to cancer cells is critical not to
induce adverse effects. Thus, we investigated antitumor effects
of a glycolysis inhibitor, consisting of 2-deoxy-D-glucose (2DG)-
encapsulated poly(lactic-co-glycolic acid) (PLGA) nanoparticles
(2DG-PLGA-NPs), against hepatocellular carcinoma in mice.

METHODS: The antitumor effects of 2DG-PLGA-NPs were
examined using hepatoma cell lines, xenograft tumors, and
hepatocarcinogenic and syngeneic mouse models.

RESULTS: The 2DG-PLGA-NPs induced cytotoxic effects and
antitumor immunity through enhanced T-cell trafficking. In
addition, 2DG-PLGA-NPs induced decreased lactate production
and increased interferon-g–positive T cells in liver tumors.
Human CD8þ T cells cocultured with 2DG-PLGA-NP–treated
Huh7 cells showed their increased interferon-g production and
glucose uptake compared with the CD8þ T cells co-cultured
with PLGA-NP–treated Huh7 cells. Chemotaxis of CD8þ T cells
was suppressed by lactate and enhanced by glucose. Interferon-
g enhanced CD8þ T-cell chemotaxis in both an autocrine and
paracrine manner. Notably, the 2DG-PLGA-NPs augmented
chemokine (CXCL9/CXCL10) production in liver tumors via
interferon-g–Janus kinase–signal transducers and activator of
transcription pathway and 5' adenosine monophosphate-acti-
vated protein kinase–mediated suppression of histone H3
lysine 27 trimethylation. These 2DG-PLGA-NPs not only
amplified antitumor effects induced by sorafenib or an
anti–programmed death-1 antibody, but also suppressed
anti–programmed death-1–resistant tumors.

CONCLUSIONS: The newly developed 2DG-PLGA-NPs showed
antitumor immunity and cytotoxicity in liver tumors in mice,
suggesting the potential of 2DG-PLGA-NPs for future clinical
applications. (Cell Mol Gastroenterol Hepatol 2021;11:739–762;
https://doi.org/10.1016/j.jcmgh.2020.10.010)
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epatocellular carcinoma (HCC) is the third leading
Abbreviations used in this paper: 2DG, 2-Deoxy-D-glucose; 2-NDBG,
2-(N-[nitrobenz-2-oxa1,3-diazol-4-yl]amino)-2-deoxyglucose; AMPK,
AMP-activated protein kinase; ATP, adenosine triphosphate; CCL, C-C
motif chemokine; CCR, C-C chemokine receptor type 4; DAPI, 40,6-
diamidino-2-phenylindole; DEN, diethylnitrosamine; GSH, glutathione;
ER, endoplasmic reticulum; EZH2, enhancer of zeste homologue 2;
FBS, fetal bovine serum; 18F-FDG, 18F-2-fluoro-2-deoxyglucose; FITC,
fluorescein isothiocyanate; H3K27me3, H3 lysine 27 trimethylation;
HCC, hepatocellular carcinoma; ICG, indocyanine green; IFN-g,
interferon-g; JAK, Janus kinase; mRNA, messenger RNA; mTOR,
mammalian target of rapamycin; NP, nanoparticles; PD1, programmed
death 1; PD-L1, programmed death-ligand 1; PLGA, poly(lactic-co-
glycolic acid); ROS, reactive oxygen species; STAM, stelic animal
model; STAT, signal transducers and activator of transcription; ho-
mologue, 2; TNF-a, tumor necrosis factor-a; Treg, regulatory T cell.
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Hcause of cancer-related death in the world. A
recent study from the United States found that the inci-
dence rate of HCC is continuously increasing in subgroups
such as men aged from 55 to 64 years, and especially
those born during the peak era of hepatitis C virus infec-
tion.1 Patients with advanced HCC, including macro-
vascular invasion or extrahepatic spread, face a poor
prognosis, with an expected median survival period of 6–8
months or 25% at 1 year.2 Although multityrosine kinase
inhibitors such as sorafenib and lenvatinib have prolonged
the overall survival of patients with advanced HCC in the
past decade,3,4 their therapeutic effects still are not
satisfactory. Therefore, it is worth investigating new
therapeutic agents that have antitumor effects in patients
with advanced HCC.

Many reports have described various metabolic
changes that enable cancer cells to survive,5 suggesting
that metabolic pathways might be good targets for cancer
therapy. In particular, cancer cells are characterized by
altered glucose metabolism, known as the Warburg ef-
fect,6 in which a substantial amount of pyruvate is
reduced to lactic acid instead of being directed into
mitochondria. The Warburg effect recently has gained
attention as a cancer immune-resistance mechanism.7,8

Concurrently, immune checkpoint inhibitors have shed
light on the importance of antitumor immunity as a
therapeutic strategy for HCC.9,10 Therefore, targeting
glucose metabolism may be a promising approach for the
development of new therapeutic agents for advanced
HCC. The first step in glycolysis, the phosphorylation of
glucose to form glucose-6-phosphate, is controlled by
hexokinase. 2-Deoxy-D-glucose (2DG), a glucose analog,
inhibits hexokinase, resulting in glycolytic inhibition, and
has been reported to have cytotoxic effects against tumors
in phase I/II clinical trials.11,12 However, 2DG does not
seem to have a significant effect on tumor growth at a
dose that does not induce serious adverse effects.11,12

These results suggest a need to develop an efficient
drug delivery system for 2DG.

Tumor vessels have poorly aligned defective endothe-
lial cells with wide fenestrae and lack a smooth muscle
layer.13 Tumor tissue usually lacks lymphatic drainage.
These characteristics are referred to as the enhanced
permeability and retention effect.14–16 Molecules of certain
sizes, such as nanoparticles, tend to accumulate in tumor
tissue compared with their retention in normal tissue
owing to the enhanced permeability and retention effect.
Poly(lactic-co-glycolic acid) (PLGA), which is used for
specific applications and has been approved by the Food
and Drug Administration, is one of the most successfully
developed biodegradable polymers used to formulate
nanoparticles.17 Therefore, we encapsulated 2DG in PLGA
nanoparticles (2DG-PLGA-NPs) to increase the efficiency of
2DG delivery to liver tumors. Here, we investigated
whether 2DG-PLGA-NPs have antitumor effects, especially
antitumor immunity, against HCC in mice, and elucidate
the underlying mechanisms and their potential for clinical
application.
Results
Physical Properties of 2DG-, Indocyanine
Green–, and Fluorescein
Isothiocyanate–Encapsulated PLGA-NPs

Monodispersity of PLGA-NPs, 2DG-PLGA-NPs, indoc-
yanine green (ICG)-PLGA-NPs, and fluorescein isothiocya-
nate (FITC)-NPs are shown in Figure 1A. The mean particle
size distribution of each PLGA-NPs had a single peak, and
the D50 of the PLGA-NPs, 2DG-PLGA-NPs, ICG-PLGA-NPs,
and FITC-PLGA-NPs were 172 nm, 120 nm, 205 nm, and
252 nm, respectively (Figure 1A, right panels). Transmission
electron microscopy also showed the spherical nano-
particles with almost the same size in these PLGA-NPs
(Figure 1A, left panels). The surface charge (zeta poten-
tial) was �10.3 mV for PLGA-NPs, �16.4 mV for 2DG-PLGA-
NPs, �35.1 mV for ICG-PLGA-NPs, and �16.3 mV for FITC-
PLGA-NPs. The zeta potential of 2DG-PLGA-NPs in the pre-
sent study was similar to that of docetaxel-loaded PLGA-NPs
(�18.6 mV) in a previous study.18 The loading capacity of
these hydrophilic compounds was 8.1% ± 0.4% for 2DG-
PLGA-NPs, 6.8% ± 0.6% for ICG-PLGA-NPs, and 6.8% ±
0.4% for FITC-PLGA-NPs.
In Vivo Delivery of Nanoparticles in Nude Mice
With Xenograft Liver Tumors

We assessed in vivo distribution of ICG accumulation in
the nude mice until 10 days after injection of ICG-PLGA-NPs.
ICG gradually and specifically accumulated in the xenograft
liver tumors in the 10 days after injection of the ICG-PLGA-
NPs, and the relative optical signal intensity of ICG in the
tumors gradually increased through day 7 (Figure 1B).
However, we need to pay attention in interpreting these
results because superficial organs (tumors) dominate the
analysis when fluorescence reflectance imaging is used. We
also investigated whether FITC-PLGA-NPs were delivered to
the tumor cells in the xenograft tumors. Green puncta
around the nucleus, possibly in the cytoplasm were
observed in the same manner both 3 days and 7 days after
the injection of the FITC-PLGA-NPs (Figure 1C).
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Cytotoxic Effect of 2DG-PLGA-NPs in Nude Mice
With Xenograft Tumors

Treatment with 2DG-PLGA-NPs resulted in a significant
growth reduction of the xenograft liver tumors (Figure 1D).
The blood glucose levels were increased by as much to 500
mg/dL at 1 hour after 2DG administration, but remained
within the normal range for 4 hours after 2DG-PLGA-NP
administration in mice that had been treated for 14 days
(Figure 1E). Body weight also was decreased significantly in
the mice treated with 2DG (1000 mg/kg) compared with
mice treated with 2DG-PLGA-NPs (Figure 1F). These results
suggest that replacement of 2DG administration with 2DG-
PLGA-NPs reduced the 2DG-induced adverse effects. Treat-
ment with 2DG-PLGA-NPs resulted in a significant growth
reduction in the xenograft colon tumors (Figure 1G), xeno-
graft renal tumors (Figure 1H), and xenograft pancreatic
tumors (Figure 1I), indicating the potential antitumor ef-
fects of this method against various tumors.

Treatment with 2DG resulted in the suppression of total
and glycolytic adenosine triphosphate (ATP) production, but
not mitochondrial oxidative ATP production in the Huh7
cells (Figure 2A), in agreement with no effects on the
mitochondrial oxygen consumption ratio (Figure 2B).
Treatment with 2DG-PLGA-NPs resulted in the augmenta-
tion of AMP-activated protein kinase (AMPK) phosphoryla-
tion and the expression of endoplasmic reticulum (ER)
stress-related chaperones, and the attenuation of mamma-
lian target of rapamycin (mTOR) activity and its down-
stream molecules such as S6, Rb, cyclin D1, proliferating cell
nuclear antigen, and vascular endothelial growth factor-
A,19–22 in xenograft liver tumors (Figure 2C). Treatment
with 2DG-PLGA-NPs decreased CD34-positive vessel density
(Figure 2D) and increased reactive oxygen species (ROS)
production (Figure 2E) in xenograft liver tumors. We
confirmed that 2DG showed an increase in the frequency of
cells in the G0/G1 phase and a decrease in the frequency of
those in the S/G2/M phase (Figure 3A), and reduced
Figure 1. (See previous page). Physical properties of nanopa
PLGA-NPs, and the antitumor effects of 2DG-PLGA-NPs in
PLGA-NPs, ICG-PLGA-NPs, and FITC-PLGA-NPs) in transm
representing the nanoparticle diameter distribution of PLGA-N
(right panels). Transmission electron microscopy: scale bar: 20
PLGA-NP injection in 3 nude mice bearing Huh7 cell xenogr
relative optical signal intensity (OSI) of the region of interest (RO
xenograft tumors to that (dotted circle) in the nontumorous regio
days after the FITC-PLGA-NP injection. DAPI stains the nucleus
days after the commencement of treatment, 6 groups (n ¼ 5 for
and 2DG-PLGA-NPs (intravenous administration), and daily for 2
PLGA, and 2DG (100 mg/kg); ‡‡‡P < .001, †P < .05 vs 2DG (100
(100 mg/kg); ‡P < .001 vs control and PLGA; §§P < .01 vs contro
after intraperitoneal 2DG (1000mg/kg) or intravenous 2DG-PLGA-N
for 14 days. ***P < .001. (F) Body weight changes in the nude mi
*P < .05 vs 2DG-PLGA-NP (800 mg/kg); and #P < .05 control, PL
cell xenograft colon tumors and growth curves of the mice at
(control, 2DG [100 mg/kg], and 2DG-PLGA-NPs [800 mg/kg])
for 2DG (intraperitoneal) and weekly for 2DG-PLGA-NPs (in
(H) OS-RC-2 cell xenograft renal tumors and growth curves
in the same groups as indicated in panel G. **P < .01 vs the c
and growth curves in the mice 21 days after the commenceme
***P < .001 vs the control and 2DG.
glutathione (GSH) production in the Huh7 cells and HepG2
cells (Figure 3B). Thus, treatment with 2DG-PLGA-NPs
resulted in an increase in terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end
labeling–positive cells and cleaved caspase 3–positive cells
in xenograft liver tumors (Figure 3C and D), suggesting the
facilitation of apoptosis by the 2DG-PLGA-NPs. ER stress
also contributed to 2DG-induced apoptosis because inhibi-
tion of tumor growth by 2DG was suppressed by treatment
with 4-phenylbutyric acid, an ER stress inhibitor
(Figure 3E). These results suggested that the cytotoxic effect
of 2DG is realized via oxidative stress, ER stress, and inac-
tivation of mTOR in vivo, as described previously.23

Antitumor Effects of 2DG-PLGA-NPs in
Immunocompetent Mice

To explore antitumor effects, including those on anti-
tumor immunity, we used an immunocompetent stelic
animal model (STAM) mouse and diethylnitrosamine
(DEN)-induced HCC mouse model. STAM mice and DEN-
treated mice presented with multiple large tumors in the
liver at 16 weeks and 9 months of age, respectively
(Figure 4A and B). Treatment with 2DG-PLGA-NP (800
mg/kg) significantly suppressed tumor growth in STAM
mice (Figure 4A) and DEN-treated mice (Figure 4B)
compared with no treatment (control), but 2DG treatment
alone did not, except for tumor number in STAM mice. We
confirmed the accumulation of ICG in the liver tumors of 9-
month-old male DEN-treated mice 7 days after injection of
ICG-PLGA-NPs, using an in vivo imaging system
(Figure 4C). In addition, FITC accumulated around the
nucleus, possibly in the cytoplasm, in tumor tissue, but
was colocalized mainly with Kupffer cells in nontumor
tissue 5 days after injection of FITC-PLGA-NPs in a STAM
mouse (Figure 4D). The relative tumor volume with
respect to that of the control (no treatment) was decreased
significantly by 2DG-PLGA-NP (80 mg/kg) treatment in
rticles, in vivo accumulation of ICG-PLGA-NPs and FITC-
nude mice. (A) PLGA-based nanoparticles (PLGA-NPs, 2DG-
ission electron microscopy (left panels), and a histogram
Ps, 2DG-PLGA-NPs, ICG-PLGA-NPs, and FITC-PLGA-NPs
0 nm. (B) In vivo distribution of accumulated ICG after ICG-
aft tumors, as observed using in vivo imaging system. The
I) represents the ratio of the ROI (solid circle) intensity in the
ns. (C) FITC accumulation in the xenograft tumor cells 3 and 7
. (D) Huh7 xenograft tumors and growth curves of the mice 21
each group). Administration frequency was weekly for PLGA
DG (intraperitoneal administration). †††P < .001 vs the control,
0 mg/kg). ###P < .001 vs control and PLGA, ##P < .01 vs 2DG
l, and §P < .05 vs PLGA. (E) Blood glucose levels up to 4 hours
P (800 mg/kg) injection in the nude mice, which had been treated
ce shown in panel D. **P < .001 vs 2DG-PLGA-NP (80 mg/kg),
GA or 2DG (100 mg/kg) vs 2DG-PLGA-NP (80 mg/kg). (G) HT29
21 days after the commencement of treatment in 3 groups
(n ¼ 5 for each group). Administration frequency was daily
travenous). **P < .01 vs 2DG, ***P < .001 vs the control.
of the mice 14 days after the commencement of treatment
ontrol and 2DG. (I) BxPC3 cell xenograft pancreatic tumors
nt of treatment in the same groups as indicated in panel G.
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STAM mice, but not in nude mice (Figure 4E). We found a
liver tumor with infiltrated mononuclear cells in a STAM
mouse treated with 2DG-PLGA-NPs, but not in a mouse
treated with PLGA-NPs alone (Figure 4F). The STAM mice
treated with 2DG-PLGA-NPs showed a significantly greater
number of infiltrated CD3-positive cells than did those
without treatment, but those treated with 2DG alone did
not (Figure 4G). No mice presented with Foxp3-positive
regulatory T cell (Treg) infiltration (Figure 4H). These re-
sults suggest that the greater antitumor effect in the STAM
mice potentially resulted from the antitumor immunity
induced by the 2DG-PLGA-NPs.
Mechanisms by Which 2DG-PLGA-NPs Enhance
the Messenger RNA Level of Chemokines

Treatment with 2DG-PLGA-NPs resulted in a significant
increase in Cxcl9/Cxcl10/Cxcl11 messenger RNA (mRNA)
levels in the liver tumors of STAM mice (Figure 5A). CXCL9/
CXCL10/CXCL11 are known to be induced by interferon-g
(IFN-g).24 STAM mice treated with 2DG-PLGA-NPs showed a
significantly greater number of IFN-g–positive mononuclear
cells in their liver tumors than did the untreated mice
(Figure 5B). IFN-g has been shown to activate transcription of
CXCL9/CXCL10/CXCL11 via Janus kinase (JAK)–signal trans-
ducers and activator of transcription (STAT) 1 signaling.25

Treatment with 2DG-PLGA-NPs resulted in the significantly
up-regulated phosphorylation of JAK1/2 and STAT1 in the
STAMmice compared with that in the mice treated with PLGA
alone (Figure 5C). Thus, the treatment with 2DG-PLGA-NPs
increased the mRNA level of Cxcl9/Cxcl10/Cxcl11 through the
IFN-g–JAK–STAT1 pathway in liver tumors.

Treatment with 2DG resulted in an increase in the pro-
duction of CXCL9/CXCL10/CXCL11 in a dose-dependent
manner in the presence of IFN-g and tumor necrosis factor-
a (TNF-a) in the Huh7 cells (Figure 5D) and
HepG2 cells (Figure 5E), suggesting a possible alternative
IFN-g–independent pathway through which 2DG increases
chemokine production. In this regard, histone methyl-
transferase, enhancer of zeste homologue 2 (EZH2)-mediated
histone H3 lysine 27 trimethylation (H3K27me3), has been
Figure 2. (See previous page). Effects of 2DG or 2DG-PLGA
mation, and ROS production. (A and B) Total, glycolytic, and m
cells (3 � 104 cells/well) using a Seahorse XF24 Extracellular F
consumption rate (OCR) were analyzed after injection of 2DG (0
production rates were determined based on the extracellular acid
Time ATP rate assay report generator. *P < .05, **P < .01, and
AMPK, p-mTOR, mTOR, p-S6, S6, p-Rb, Rb, spliced x-box b
homologous protein (CHOP), activating transcription factor 4
and vascular endothelial growth factor (VEGF)-A, performed u
Column a, 2DG (100 mg/kg); column b, 2DG (1000 mg/kg); colu
NP (800 mg/kg). Administration frequency was daily for 2DG (i
The amount of phosphorylated protein was normalized to total p
b-actin. *P < .05, **P < .01, and ***P < .001. (D) Immunostaine
detecting ROS production in the Huh7 cell xenograft tumors 21
indicated (n ¼ 3 for each group) (original magnification: �400). A
weekly for 2DG-PLGA-NPs (intravenous). National Institutes of H
percentage of the positively stained area of 5 randomly selected
and ***P < .001. Column 1, control; column 2, 2DG (100 mg/kg
mg/kg); and column 5, 2DG-PLGA-NP (800 mg/kg). Con
phenylhydrazone.
reported to repress the tumor production of CXCL9/
CXCL10.26 It also has been reported that AMPK phosphory-
lates EZH2 to disrupt the interaction between EZH2 and
suppressor of zeste 12, another core component of the pol-
ycomb repressive complex 2, leading to attenuated polycomb
repressive complex 2–dependent methylation of H3K27me3
modification.27 These observations suggest that AMPK acti-
vation potentially activates the production of tumor-inducing
CXCL9/CXCL10 through the attenuation of H3K27me3
modification. Treatment with 2DG-PLGA-NPs resulted in the
activation of AMPK and EZH2 through their phosphorylation
(Figure 5F) and the reduced expression of H3K27me3
(Figure 5G) in the liver tumors of STAMmice. Treatment with
the AMPK inhibitor compound C abrogated the 2DG-induced
activation of AMPK by phosphorylation and reduction of the
H3K27me3 level in Huh7 cells (Figure 5H). Finally, treatment
with compound C blunted the augmented production of
CXCL9/CXCL10 mRNA induced by 2DG, but not the CXCL11
mRNA (Figure 5I). These results suggest that the 2DG-PLGA-
NPs enhanced the production of CXCL9/CXCL10 though the
AMPK–EZH2–H3K27me3 pathway.

Defective T-Cell Trafficking Abrogates the
Antitumor Effects of 2DG-PLGA-NPs

T-cell accumulation in tumor tissue has been shown to
be dependent on the chemokine receptor CXCR3,28 which
binds to the structurally and functionally related chemo-
kines CXCL9/CXCL10/CXCL11. The administration of anti-
CXCR3 (Figure 6A) abrogated the reduction in liver tu-
mor growth (tumor maximum diameter and tumor vol-
ume) induced by the 2DG-PLGA-NPs (Figure 6B) and
abolished T-cell accumulation in liver tumors (Figure 6C)
in DEN-treated mice at 9 months of age. These results
suggest that the antitumor effects of 2DG-PLGA-NPs are
dependent on T-cell migration into tumor tissue.

CD8þ T-Cell Migration Is Directly Dependent on
Lactate, IFN-g, and Glucose

Genetically engineered tumors with reduced lactate
production have shown increased infiltration with
-NPs on ATP production, cytotoxicity, tumor vessel for-
itochondrial ATP production rates were measured in the Huh7
lux Analyzer. The extracellular acidification rate and oxygen
, 1, 5, 10, and 50 mmol/L). Glycolytic and mitochondrial ATP
ification rates and OCRs using an Agilent Seahorse XFp Real-
***P < .001. (C) Immunoblots showing results for p-AMPK,

inding protein 1 (XBP-1s), CCAAT/enhancer binding protein-
(ATF4), cyclin D1, proliferating cell nuclear antigen (PCNA),
sing xenograft tumors in each nude mouse group (n ¼ 3).
mn c, 2DG-PLGA-NP (80 mg/kg); and column d, 2DG-PLGA-
ntraperitoneal) and weekly for 2DG-PLGA-NPs (intravenous).
rotein. The amount of some proteins was normalized to that of
d CD34-positive vessels and (E) dihydroethidium staining for
days after the commencement of treatment in the 5 groups as
dministration frequency was daily for 2DG (intraperitoneal) and
ealth image analysis software was used to quantify the mean
fields in the digital images of each tumor. *P < .05, **P < .01,
); column 3, 2DG (1000 mg/kg); column 4, 2DG-PLGA-NP (80
t, control; FCCP, carbonyl cyanide 4-(trifluoromethoxy)
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IFN-g–producing T and natural killer cells in immuno-
competent C57BL/6 mice.7 The ex vivo experiments
showed that the lactate production was significantly lower
in the 2DG-PLGA-NP–treated Huh7 cells than in the PLGA-
NP–treated Huh7 cells (Figure 6D and E) and that IFN-g
production was significantly greater in the CD8þ T cells
cocultured with 2DG-PLGA-NP–treated Huh7 cells than it
was in the CD8þ T cells co-cultured with the PLGA-
NP–treated Huh7 cells (Figure 6D and F). EZ-TAXIScan
(Effector Cell Institute, Tokyo, Japan), a real-time, cell
mobility analysis device, showed that lactate (Figure 7A,
lanes 1 and 2) and a low pH (Figure 7A, lanes 1 and 3)
significantly inhibited the mobility of the CD8þ T cells in
the presence of CXCL10, respectively.

Interestingly, CD8þ T cells showed enhanced mobility
in the presence of the culture supernatant of the CD8þ T
cells incubated with IFN-g (Figure 7B, lanes 1 and 2),
which was suppressed by the addition of anti-CXCR3
(Figure 7B, lanes 2 and 3). Treatment with IFN-g resul-
ted in significantly increased production of CXCL9/CXCL10/
CXCL11 mRNA in the CD8þ T cells (Figure 7C). Indeed,
these results suggest an autocrine role for IFN-g in the
chemokine production of CD8þ T cells, and were consis-
tent with previous observations indicating that IFN-g
derived from CD8þ T cells directly enhances their
mobility.29 IFN-g also enhanced CD8þ T-cell chemotaxis in
a paracrine manner as indicated by Huh7 cells stimulated
by IFN-g and TNF-a, causing significantly enhanced
mobility (velocity) of the CD8þ T cells (Figure 7D, lanes 1
and 2), probably through the increased production of
chemokines by the Huh7 cells. Treatment of the Huh7 cells
with 2DG, in addition to stimulation by IFN-g and TNF-a,
resulted in enhanced mobility of the CD8þ T cells
(Figure 7D, lanes 2 and 3), and this enhanced CD8þ T-cell
mobility was suppressed by the addition of anti-CXCR3
(Figure 7D, lanes 3 and 4). In the presence of CXCL10,
2DG suppressed the mobility (velocity) of CD8þ T cells
(Figure 7E).

To assess the effects of treatment with 2DG-PLGA-NPs
in cancer cells on the competitive uptake of glucose in
cancer cells and CD8þ T cells ex vivo, we co-cultured
Huh7 cells and CD8þ T cells with a membrane sepa-
rating them, and after changing the medium and subse-
quently adding 2-(N-[nitrobenz-2-oxa1,3-diazol-4-yl]
amino)-2-deoxyglucose (2-NBDG), a fluorescent tracer used
Figure 3. (See previous page). Effects of 2DG or 2DG-PLGA-
distribution of the Huh7 cells (1 � 105) and HepG2 cells (1 � 1
*P < .05, **P < .01. (B) Huh7 and HeG2 cells were cultured in 9
with 2DG (0, 0.2, 1, or 5 mmol/L) for 24 hours. GSH production w
to the manufacturer’s instructions. *P < .05, **P < .01. (C) T
triphosphate nick-end labeling (TUNEL) staining for detecting
cleaved caspase 3 in the Huh7 cell xenograft tumors 21 day
indicated (n ¼ 3 for each group) (original magnification: �400). A
weekly for 2DG-PLGA-NPs (intravenous). Positively stained cells
and ***P < .001. Column 1, control; column 2, 2DG (100 mg/kg
mg/kg); and column 5, 2DG-PLGA-NP (800 mg/kg). (E) Huh7 cell
the commencement of the treatment in 3 groups (control, 2DG [1
group). Administration frequency was daily for 2DG (intraperiton
dUTP, 2'-Deoxyuridine, 5'-Triphosphate; 4-PBA; 4-phenylbutyr
for monitoring glucose uptake, we allowed the cells to
culture for 16 hours (Figure 6D). Treatment of the Huh7
cells with 2DG-PLGA-NPs resulted in a significant decrease
in 2-NBDG uptake by the Huh7 cells and a significant in-
crease in 2-NBDG uptake by the CD8þ T cells in the
presence of glucose (Figure 6G and H). Then, we investi-
gated the effects of glucose on the chemotaxis of the CD8þ

T cells obtained after co-culture with 2DG-PLGA-NP–trea-
ted Huh7 cells (4 appeared in Figure 6D). Glucose signif-
icantly enhanced the mobility of the CD8þ T cells toward
CXCL10 (Figure 8A, lanes 1 and 3). In addition, the
mobility of CD8þ T cells obtained after they were co-
cultured with 2DG-PLGA-NP–treated Huh7 cells was
greater than it was for those co-cultured with PLGA-
treated Huh7 cells, even under the same glucose concen-
tration (Figure 8A, lanes 3 and 4), indicating that the CD8þ

T cells with increased glucose uptake migrate more
vigorously. Treatment of the Huh7 cells with the 2DG-
PLGA-NPs did not affect the mobility of Tregs in the
presence of glucose and macrophage-derived chemokine
(C-C motif chemokine 22 [CCL22]/macrophage-derived
chemokine),30 which interacts with the C-C chemokine
receptor type 4 (CCR4) expressed on Tregs (Figure 8B).
These results suggest that the 2DG-PLGA-NPs potentially
increased T-cell trafficking in the tumor microenvironment
through decreased lactate production in cancer cells and
increased IFN-g production and glucose uptake by the
CD8þ T cells.

2DG-PLGA-NPs Amplify the Antitumor Effects
Induced by Sorafenib and/or Anti–Programmed
Death 1 Antibody and Show Antitumor Effects
Against Anti–Programmed Death 1–Resistant
Tumors

In a phase II trial, pembrolizumab, an anti–programmed
death 1 (PD1) monoclonal antibody, showed promising
clinical efficacy in patients with advanced HCC who were
treated previously with sorafenib, but the effect of a single
treatment with pembrolizumab against advanced HCC was
not satisfactory.9 Based on the effects of the 2DG-PLGA-NPs
on CD8þ T-cell trafficking into tumors, we hypothesized
that 2DG-PLGA-NPs may enhance the expression of PD1-
positive T cells in tumors and augment the antitumor ef-
fect of an anti-PD1 antibody. As expected, treatment with
NPs on cell cycle, apoptosis, and ER stress. (A) Cell-cycle
05) was analyzed for cell cycle using a FACS flow cytometer.
6-well plates at a density of 3 � 103 cells/well, and incubated
as measured using a GSSG/GSH quantification kit according
erminal deoxynucleotidyl transferase–mediated deoxyuridine
fragmented DNA, and (D) and immunostaining for detecting
s after the commencement of treatment in the 5 groups as
dministration frequency was daily for 2DG (intraperitoneal) and
were quantified as described in Figure 2D. *P < .05, **P < .01,
); column 3, 2DG (1000 mg/kg); column 4, 2DG-PLGA-NP (80
xenograft tumors and growth curves of the mice 21 days after
000 mg/kg], and 2DG and 4-PBA [500 mg/kg]) (n ¼ 5 for each
eal) and 4-PBA. **P < .01 vs the control and 2DG þ 4-PBA.
ic acid.
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the anti-PD1 antibody resulted in a significant reduction in
liver tumor growth in STAM mice (Figure 8D), with sig-
nificant T-cell infiltration compared with that in the mice
with no treatment, treatment with anti-PD1 antibody alone,
or treatment with anti-PD1 antibody and 2DG (Figure 8E).

We next investigated the antitumor effects of 2DG-PLGA-
NPs in syngeneic mice harboring anti-PD1–resistant tumors.
Treatment with 2DG-PLGA-NPs resulted in a significant
reduction in tumor growth compared with the level in the
mice treated with the isotype control, PLGA alone, or anti-
PD1 antibody treatment (Figure 8F). The syngeneic mice
were injected intraperitoneally with either an anti-CXCR3
antibody or hamster IgG (isotype control) 5 times during
12 days after the tumors reached 100–150 mm3 in volume
(Figure 9A). The administration of anti-CXCR3 with 2DG-
PLGA-NPs abrogated the reduction in tumor growth induced
by the 2DG-PLGA-NPs and isotype control, but these tumors
showed a significant reduction in tumor growth compared
with those subjected to the isotype control or anti-CXCR3
(Figure 9B), probably because of the cytotoxic effects of
the 2DG-PLGA-NPs. Likewise, T-cell infiltration in tumors, as
induced by 2DG-PLGA-NPs, was abrogated by anti-CXCR3
administration (Figure 9C).

The combination therapy of 2DG-PLGA-NPs and sor-
afenib significantly suppressed the growth of the xenograft
tumors in nude mice, compared with the growth in mice
treated with nothing (control), PLGA alone, PLGA and sor-
afenib, or 2DG alone (Figure 9D). Notably, the combination
therapy of 2DG-PLGA-NPs and sorafenib did not lead to any
adverse effects in terms of body weight, diet consumption,
liver weight, or biochemical markers compared with these
effects in mice treated with PLGA, 2DG-PLGA-NPs, or a
combination of PLGA with sorafenib (Figure 9E). In contrast,
the combination therapy of 2DG and sorafenib induced
Figure 4. (See previous page). Effects of 2DG-PLGA-NPs on
immunocompetent mice. (A) Liver tumors in STAM mice treated
kg) (3), or 2DG-PLGA-NPs (80 mg/kg [4] or 800 mg/kg [5]) for 3
toneal) and weekly for PLGA and 2DG-PLGA-NPs (intravenous). Y
.05, ***P < .001. (B) Liver tumors in the DEN-treated mice at 8 mo
(2), 2DG (100 mg/kg) (3), or 2DG-PLGA-NPs (80 mg/kg [4] or 800
2DG (intraperitoneal) and weekly for PLGA and 2DG-PLGA (intrav
group). *P < .05, **P < .01, and ***P < .001. (C) Ex vivo distributio
DEN-treated mouse 7 days after ICG-PLGA-NP injection, as obse
the excised liver from the DEN-treated mouse used for in vivo im
liver tumors. (D) FITC accumulation in tumor tissue and nontumor
PLGA-NP injection. DAPI and F4/80 stain the nucleus and the K
arrowheads indicate yellow puncta, which suggest FITC accumul
that of control for 4 groups of nude mice and STAMmice. **P < .0
(F) Liver tumor and its histology showing increased cellular densit
in a STAM mouse that had weekly intravenous injections of PLG
histology showing mononuclear cell infiltration (indicated by whit
original magnification, �40 and �400) in a STAM mouse that had
for 3 weeks (left panel). (G) Immunostaining for CD3-positive ce
groups as indicated (n ¼ 3 for each group) (original magnificati
peritoneal) and weekly for 2DG-PLGA-NPs (intravenous). Natio
quantify the mean percentage of the positively stained area of 5 ra
.05. (H) Immunostaining for Foxp3-positive cells in the liver tum
nothing (control), 2DG (100 mg/kg), or 2DG-PLGA-NPs (80
magnification, �400). Administration frequency was daily for 2DG
Positively stained cells were quantified as described in panel G.
significant body weight loss compared with the effects
induced by control, PLGA, 2DG-PLGA-NPs, or a combination
of 2DG-PLGA-NPs and sorafenib. These results suggest that
the 2DG-PLGA-NPs and sorafenib treatment induced fewer
adverse effects than 2DG and sorafenib treatment.

Discussion
We obtained the following results in this study: (1) liver

tumor–specific inhibition of glycolysis can be induced by
using nanoparticle-mediated delivery of the glucose analog
2DG; (2) the mechanisms by which the inhibition of tumor
glycolysis activates T-cell trafficking in the tumor microen-
vironment were clarified, and (3) the dual effects of cyto-
toxicity and antitumor immunity were realized against liver
tumors by administering 2DG-PLGA-NPs in mice, which has
potential for clinical application.

Considering the delivery of 2DG-PLGA-NPs to HCC tissue,
it is a practical concern to discern whether the 2DG-PLGA-
NPs are not delivered to nontumorous hepatocytes in the
presence of cirrhotic sinusoidal endothelial cells. Capillari-
zation of liver sinusoidal endothelial cells, accompanied by
the disappearance of the fenestrae and the development of
basement membrane, occurs during the progression of
chronic liver diseases.31 This evidence suggests that 2DG-
PLGA-NPs are unlikely to be delivered to the nontumorous
cirrhotic hepatocytes. Another practical concern is the
extent to which 2DG is effectively taken up by HCC cells. The
hepatic accumulation rate of 18F-2-fluoro-2-deoxyglucose
(18F-FDG), according to 18F-FDG positron emission tomog-
raphy results, was reported to be approximately 50% in
well-differentiated HCC, and was attributed to the high ac-
tivity of glucose-6-phosphatase in HCC.32 However, the
accumulation of 18F-FDG was much higher in moderately
and poorly differentiated HCC cells and sorafenib-resistant
liver tumor suppression and T-lymphocyte infiltration in
with nothing (control) (1), PLGA (800 mg/kg) (2), 2DG (100 mg/
weeks. Administration frequency was daily for 2DG (intraperi-
ellow arrows indicate liver tumors (n ¼ 5 for each group). *P <
nths of age treated with nothing (control) (1), PLGA (800 mg/kg)
mg/kg [5]) for 4 weeks. Administration frequency was daily for
enous). Yellow arrows indicate the liver tumors (n ¼ 4 for each
n of accumulated ICG in the excised liver from an 8-month-old,
rved using an in vivo imaging system (left panel). Liver tumors in
aging system analysis (right panel). White dotted lines indicate
tissue of 13-week-old STAMmouse liver 5 days after the FITC-
upffer cells, respectively. Boxed area is enlarged below. White
ation in Kupffer cells. (E) Relative tumor volume compared with
1 vs control for STAM mice. #P < .05 vs control for nude mice.
y and thickened trabeculae (H&E, original magnification: �400)
A (800 mg/kg) for 3 weeks (right panel). Necrotic liver tumor

e arrows) and degenerative and/or necrotic hepatocytes (H&E,
weekly intravenous injections of 2DG-PLGA-NPs (800 mg/kg)

lls in the liver tumors of STAM mice treated for 3 weeks, in 4
on: �400). Administration frequency was daily for 2DG (intra-
nal Institutes of Health image analysis software was used to
ndomly selected fields in the digital images of each tumor. *P<
ors of STAM mice at 16 weeks of age previously treated with
0 mg/kg) for 3 weeks (n ¼ 3 for each group) (original
(intraperitoneal) and weekly for 2DG-PLGA-NPs (intravenous).
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HCC cells.32,33 Thus, 2DG-PLGA-NPs are expected to be good
therapeutic agent candidates for patients with advanced
HCC. In addition, 18F-FDG–positron emission tomography
can be a companion diagnosis for predicting or monitoring
treatment efficacy of 2DG-PLGA-NPs because 18F-FDG is a
radioactive tracer of 2DG.

Increases in tumor glycolysis and lactate production
have been reported to blunt T-cell–mediated antitumor
immunity in the tumor microenvironment of melanoma.7,8

In these studies, reduced levels of CXCL10 in highly glyco-
lytic melanoma cells7 and lactate-derived down-regulation
of IFN-g production in T and natural killer cells8 were
shown. The transcription factors involved in IFN-g tran-
scription were nuclear factor of activated T cells and nuclear
factor-kB proteins.34 Lactate has been shown to down-
regulate nuclear factor of activated T cells, which is crit-
ical for the suppression of IFN-g expression in T cells.8 In
agreement with these reports, we showed that the inhibition
of tumor glycolysis by 2DG-PLGA-NPs restored antitumor
immunity through increased T-cell trafficking induced by
the enhanced IFN-g production in T cells and augmented
chemokine production in tumors. This study shows that
inhibition of tumor glycolysis enhanced the production of
CXCL9/CXCL10/CXCL11 in CD8þ T cells in an IFN-
g–dependent autocrine manner and in tumor cells in an
IFN-g-dependent paracrine manner. In addition, the inhibi-
tion of tumor glycolysis increased the production of CXCL9/
CXCL10 through the AMPK-EZH2-H3K27me3 pathway in-
dependent of IFN-g. The IFN-g–independent mechanisms
underlying the enhanced production of CXCL11 by 2DG
remain to be elucidated. Aerobic glycolysis also is required
for optimal effector function in T cells,35,36 and tumor-
imposed glycolytic restriction mediates T-cell dysfunction
during cancer progression.37 We found that CD8þ T cells
had increased the glucose uptake when co-cultured with
2DG-PLGA-NP–treated Huh7 cells compared with that in
cells co-cultured with PLGA-treated Huh7 cells. These re-
sults suggest that CD8þ T cells potentially restore the
Figure 5. (See previous page). Enhanced chemokine produc
mRNA levels of Cxcl9/Cxcl10/Cxcl11 in liver tumors of STAM m
PLGA-NPs (2DG-P) (800 mg/kg) (n ¼ 4 for each group). Adm
weekly for 2DG-PLGA-NPs (intravenous). *P < .05. (B) Immunost
of STAM mice treated with nothing (control), 2DG (100 mg/kg), o
magnification: �400). Administration frequency was daily for 2
nous). Black arrows indicate IFN-g–positive mononuclear cel
Figure 4G. **P < .01. (C) Immunoblots showing p-JAK1, JAK1
indicated in panel A. Amounts of phosphorylated protein was no
CXCL9/CXCL10/CXCL11 levels in the culture medium of the (D) H
or without 2DG (1 or 10 mmol/L) for 24 hours, with or without th
final 12 hours of the experiment (n ¼ 3 times). *P < .05, **P < .0
p-EZH2, and EZH2 for the liver tumors indicated in panel A. A
protein. *P < .05, **P < .01. (G) Immunostaining for H3K27me3
each group) (original magnification: �400). Positively stained
**P < .01. (H) Immunoblots showing p-AMPK, AMPK, p-EZH2,
with or without compound C (5 mmol/L) for 48 hours in the ab
H3K27me3 was normalized to that of b-actin. Amounts of phos
**P < .01, and ***P < .001. (I) mRNA levels of CXCL9/CXCL10/C
hours in the absence or presence of compound C (n ¼ 3 times
glucose uptake in the tumor microenvironment where tu-
mor cells have suppressed glycolysis.

Combination therapy with 2DG-PLGA-NPs and other
therapeutic agents seems to be a reasonable possibility
because of the limited therapeutic effect of 2DG itself and
the adverse events induced by 2DG in clinical trials.38 The
increased aggregation of PD1-positive mononuclear cells
and T cells in liver tumors, as induced by the 2DG-PLGA-
NPs, accounted for synergistic or additional antitumor
effects of a combination therapy with 2DG-PLGA-NPs and
anti-PD1 antibodies. The 2DG-PLGA-NPs showed the dual
effects of cytotoxicity and antitumor immunity against
anti-PD1–resistant tumors because T-cell trafficking
abrogation by the anti-CXCR3 neutralizing antibody did
not completely, but partially, attenuated the antitumor
effects of the 2DG-PLGA-NPs, suggesting a role for cyto-
toxicity in the antitumor effect induced by 2DG-PLGA-NPs.

Finally, there were at least 2 limitations in this study.
First, we could not determine the 2DG concentrations in
the tumor tissues. It is necessary to prove that the
nanoparticle-mediated delivery of 2DG results in greater
concentrations of 2DG in the tumor tissues than is real-
ized by direct delivery of 2DG, regardless of the
extremely low loading rate (8%) of 2DG into the 2DG-
PLGA-NPs. Second, we could not determine how 2DG was
delivered to cancer cells in the tumor microenvironment
(2DG transport via glucose transporter or endocytosis of
2DG-PLGA-NPs). Further studies are required to clarify
these issues.

In conclusion, 2DG-PLGA-NPs showed cytotoxic effects
via oxidative stress, ER stress, and inactivation of mTOR
(Figure 10). In addition, 2DG-PLGA-NPs activated CD8þ T-
cell chemotaxis in the tumor microenvironment via the
decreased production of lactate in tumors, the increased
IFN-g production and glucose uptake in CD8þ T cells, and
production of CXCL9/CXCL10/CXCL11 in both the tumors
and CD8þ T cells (Figure 10). As a result, 2DG-PLGA-NPs
amplified the antitumor effect of anti-PD1 or sorafenib, and
tion induced by 2DG-PLGA-NPs and its mechanisms. (A)
ice treated with nothing (control), 2DG (100 mg/kg), or 2DG-
inistration frequency was daily for 2DG (intraperitoneal) and
aining for IFN-g–positive mononuclear cells in the liver tumors
r 2DG-PLGA-NPs (800 mg/kg) (n ¼ 3 for each group) (original
DG (intraperitoneal) and weekly for 2DG-PLGA-NPs (intrave-
ls. Positively stained cells were quantified as described in
, p-JAK2, JAK2, p-STAT1, and STAT1 using the liver tumors
rmalized to total protein. *P < .05, **P < .01, and ***P < .001.
uh7 cells and (E) HepG2 cells. Both cells were incubated with

e addition of IFN-g (100 ng/mL) and TNF-a (50 ng/mL) for the
1, and ***P < .001. (F) Immunoblots showing p-AMPK, AMPK,
mounts of phosphorylated protein were normalized to total
-positive cells in the liver tumors shown in panel B (n ¼ 3 for
cells were quantified as described in Figure 4G. *P < .05,
and EZH2 from the Huh7 cells (5 � 105) that were incubated
sence or presence of 2DG (1 or 10 mmol/L). The amount of
phorylated protein were normalized to total protein. *P < .05,
XCL11 in the Huh7 cells incubated with or without 2DG for 48
). *P < .05, **P < .01, and ***P < .001. Cont, control.
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showed an antitumor effect against anti-PD1–resistant
tumors.
Materials and Methods
PLGA Nanoparticles
Preparation of PLGA nanoparticles. PLGA, with an
average molecular weight of 20,000 and a copolymer ratio
of lactic acid to glycolide of 75:25 (Wako Pure Chemical
Industries, Ltd, Osaka, Japan), was used as a matrix for the
nanoparticles, and polyvinyl alcohol (The Nippon Synthetic
Chemical Industry, Co, Ltd, Osaka, Japan) was used as a
dispersing agent. PLGA nanoparticles incorporated with
2DG (Wako Pure Chemical Industries, Ltd) (2DG-PLGA-NP),
ICG (Dojin Chemical, Tokyo, Japan) (ICG-PLGA-NP), or FITC
(Dojin Chemical) (FITC-PLGA-NP) were prepared using an
ULREA SS-11 (Technique, Co, Ltd, Osaka, Japan). First, liquid
A was filled in a liquid A tank, and the tank was pressurized
to 0.3 MPa. Subsequently, liquid A was transferred at a set
value of 43�C and at a rate of 167 mL/min, and, thereafter,
liquid B was transferred at a set value of 41�C and at a rate
of 100 mL/min. Liquid A is an aqueous solution containing
0.5% polyvinyl alcohol. Liquid B for 2DG-PLGA-NP is a so-
lution containing PLGA, 2DG, acetone, and ethanol in a
weight ratio of 0.65:0.25:66.1:33. In contrast, liquid B for
ICG-PLGA-NP is a solution containing PLGA, ICG, acetone,
and ethanol in a weight ratio of 0.65:0.1:66.2:33.1. The
number of revolutions was adjusted to 1000 rpm and the
back pressure was adjusted to 0.02 MPa. After collecting the
discharge liquid for the proper period, the solvents con-
tained in the discharge liquid were removed by distillation
using an evaporator. The resulting aqueous 2DG-PLGA-NP
and ICG-PLGA-NP dispersion were freeze-dried. In the case
of FITC-PLGA-NP, liquid A is an aqueous solution containing
2.0% polyvinyl alcohol and liquid B is a solution containing
PLGA, FITC, acetone, and ethanol in a weight ratio of
4.0:0.2:63.8:31.9. Liquid A was transferred at a rate of 120
mL/min, and, thereafter, liquid B was transferred at a rate of
100 mL/min. The other conditions for preparing FITC-
PLGA-NP by ULREA SS-11 was the same as described
earlier. After collecting the discharge liquid for the proper
period, post-treatment of the discharge liquid was per-
formed as previously described.39

Characterization of PLGA nanoparticles. The volume-
based particle size and zeta potential of PLGA-NPs, 2DG-
PLGA-NPs, ICG-PLGA-NPs, and FITC-PLGA-NPs were
Figure 6. (See previous page). Neutralization of chemokine r
cells and Huh7 cells. (A) Schematic of the treatment used in t
DEN-induced HCC mouse models treated as shown in panel A (n
.05, **P < .01. (C) Immunostaining for CD3-positive cells in the liv
as shown in panel A (n ¼ 3 for each group) (original magnification
stained cells were quantified as described in Figure 4G. *P < .
CD8þ T cells co-cultured with Huh7 cells treated with 2DG-PLG
Huh7 cell culture treated with 2DG-PLGA-NPs (equivalent to 1
hours in the absence or presence of glucose (900 mg/dL). ***P <
with the Huh7 cells treated with 2DG-PLGA-NPs or PLGA for 4 h
.05, **P < .01, and ***P < .001. 2-NBDG uptake in the (G) Huh7
with Huh7 cells treated with 2DG-PLGA-NPs or PLGA for 16 ho
.05, **P < .01, and ***P < .001. i.p., intraperitoneal injection; i.v
measured using a laser light diffraction and scattering
method (Nanotrac Wave EX150 and Nanotrac Wave UZ152,
respectively, MicrotracBEL, Co, Osaka, Japan). The
morphology of the nanoparticles was observed using a
transmission electron microscope (JEM-1400; JEOL, Ltd,
Tokyo, Japan). Ten milligrams of nanoparticles were
dispersed in 10 mL distilled water and samples were sus-
pended by voltex mixer for 30 seconds. The suspension of
nanoparticles (1 mg/mL) was deposited onto copper grids
covered with formvar film (100 mesh). Negative staining
with uranyl acetate 2% (w/v) was performed to observe
PLGA-NPs, 2DG-PLGA-NPs, ICG-PLGA-NPs, and FITC-PLGA-
NPs.

Nanoparticles (20 mg) were dispersed in 10 mL distilled
water. The mixture solution was stirred and subjected to an
ultrasonic treatment for 30 minutes. After 1 mL acetonitrile
was added to 1 mL of the mixture solution, samples were
centrifuged at 10,000 � g for 15 minutes, and the filtered
supernatant was subjected to measurement of the content
of 2DG, ICG, and FITC. The content of 2DG, ICG, and FITC
was quantified using an evaporative light-scattering detec-
tor system (Shimazu, Co, Kyoto, Japan), an Ultraspec2100
Pro spectrophotometer (GE Healthcare, Buckinghamshire,
UK), and a fluorophotometer (Infinite M200 PRO; Tecan,
Grödig, Austria), respectively. The loading capacity was
calculated by dividing the content of each encapsulated
substance (2DG, ICG, or FITC) by the total nanoparticle
weight.

Animals and Experimental Design
We used nude mice with xenograft tumors, C57BL6/J-

based HCC mouse models (a nonalcoholic steatohepatitis-
related HCC mouse model [STAM mouse; SMC Labora-
tories, Inc, Tokyo, Japan], and a DEN-induced HCC mouse
model), and a syngeneic mouse model transplanted with
B16F10 cells40 (1 � 107, anti-PD1 antibody–resistant mel-
anoma cells).

Assessment of 2DG-PLGA-NPs for In Vivo Delivery.
Six-week-old male nude mice (BALB/c-nu/nu) received
subcutaneous injections of 1 � 107 Huh7, HepG2, HT29, OS-
RC-2, or BxPC3 cells. When the xenograft tumors reached a
maximum diameter of 15 mm, 3 mice were injected with
ICG-PLGA-NPs (800 mg/kg) or FITC-PLGA-NPs (800 mg/kg)
through the cervical vein. The in vivo distribution of ICG
accumulation was assessed in the mice under inhalation
anesthesia with isoflurane 1.5, 6, and 24 hours, and 2, 3, 7,
eceptor CXCR3 and co-culture experiments with CD8D T
he DEN-induced HCC mouse models. (B) Liver tumors in the
¼ 4 for each group). Yellow arrows indicate liver tumors. *P <
er tumors of the DEN-induced HCC mouse models in groups,
: �400). Black arrows indicate CD3-positive T cells. Positively
05, ***P < .001. (D) Schematic of the experiments of human
A-NPs or PLGA. (E) Lactate levels in the supernatant of the

0 mmol/L 2DG) or PLGA (same weight as 2DG-PLGA) for 24
.001. (F) IFN-g mRNA levels in the CD8þ T cells co-cultured

ours in the absence or presence of glucose (900 mg/dL). *P <
cells and (H) CD8þ T cells after CD8þ T cells were co-cultured
urs in the absence or presence of glucose (900 mg/dL). *P <
., intravenous injection.
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and 10 days after injection of ICG-PLGA-NPs, using an in vivo
imaging system (PerkinElmer, Inc, Waltham, MA). FITC accu-
mulation in the tumor tissue was assessed by fluorescence
microscopy (BZ-9000; KEYENCE, Osaka, Japan) after the mice
were killed, 3 and 7 days after FITC-PLGA-NP injection.

Nine-month-old male DEN-treated mice were injected
with ICG-PLGA-NPs (80 mg/kg), killed 7 days after injection
of ICG-PLGA-NPs, and the distribution of ICG accumulation
in the excised liver was assessed, using an in vivo imaging
system. Similarly, 16-week-old male STAM mice were
injected with FITC-PLGA-NPs (800 mg/kg), and FITC accu-
mulation in tumor tissue and nontumor tissue of the excised
liver was assessed by fluorescence microscopy 5 days after
FITC-PLGA-NP injection.
Nude mice with xenograft tumors. When the xenograft
tumors reached a size of 100–150 mm3, the mice were
administered 2DG (100 mg/kg or 1000 mg/kg, by intra-
peritoneal injection) daily, 2DG-PLGA-NPs (80 mg/kg or 800
mg/kg, by intravenous injection), or PLGA (800 mg/kg, by
intravenous injection) weekly for 3 weeks. Some mice were
administered 2DG (1000 mg/kg) daily with 4-phenylbutyric
acid (500 mg/kg) (Sigma-Aldrich, St. Louis, MO) or were
administered 2DG-PLGA-NPs (800 mg/kg) or PLGA (800
mg/kg) weekly with or without daily administration of
sorafenib (5 mg/kg) by gastric intubation for 3 weeks. Tu-
mor size (V) was calculated using the following formula: V
(mm3) ¼ width (mm)2 � length (mm)/2. Body weight and
tumor size were measured every 3 days, and dietary intake
was measured every 7 days.
Immunocompetent HCC mouse models. STAM mice
were generated as described previously.41 Thirteen-week-
old male STAM mice were intraperitoneally administered
2DG (100 mg/kg) daily or intravenously administered 2DG-
PLGA-NPs (80 mg/kg or 800 mg/kg) or PLGA (800 mg/kg)
weekly for 3 weeks. Some of the 13-week-old STAM male
mice were administered 2DG (100 mg/kg) daily every 3
days via intraperitoneal injection of an anti-PD1 antibody
(200 mg) (Bio X Cell, West Lebanon, NH), weekly adminis-
tered 2DG-PLGA-NPs (800 mg/kg) every 3 days via
Figure 7. (See previous page). CD8D T-cell and Treg migratio
T cells (5� 104 cells/well) on the edge of a microchannel (bottom o
CXCL10, glucose, and lactate (lane 2); or CXCL10, glucose, and
opposite site the CD8þ T-cell–containing compartment. CD8þ T c
red dots in each panel in the third line. Migration of the CD8þ T
using TAXIScan Analyzer 2 software. To obtain statistical data of
rection toward ligands) for each cell within an experimental period
time-lapse images. Data are expressed in velocity-directionality p
CD8þ T cells co-cultured with IFN-g (1 mg/mL) for 20 hours was a
the injected medium (lane 1, none; lane 2, culture supernatant of
CD8þ T cells with IFN-g þ anti-CXCR3). ***P < .001. (C) mRNA lev
with or without IFN-g. *P < .05, **P < .01. (D) Huh7 cells (1 � 104

for 24 hours, with or without the addition of IFN-g and TNF-a
chemoattractant injection side of the microchannel. CD8þ T-cell
panel A, except the injected medium was added to the compartm
none; lane 2, none; lane 3, none; and lane 4, anti-CXCR3). CD8þ

described in panel A. *P < .05, ***P < .001. (E) After aligning the C
(bottom in each panel), medium containing CXCL10 (lane 1); CXC
(lane 3); or CXCL10, glucose, and 10 mmol/L 2DG (lane 4) was in
T-cell–containing compartment. The CD8þ T cells in the images w
**P < .01, and ***P < .001.
intraperitoneal injection of an anti-PD1 antibody, or intra-
peritoneally injected with anti-PD1 antibody or rat IgG2a
(Bio X Cell) (isotype control) every 3 days for 3 weeks.
Fifteen-day-old male C57BL6/J mice were injected with
DEN (100 mg/mouse) (Sigma-Aldrich), and 8 months after
the first DEN injection, they were intraperitoneally admin-
istered 2DG (100 mg/kg) daily or intravenously adminis-
tered 2DG-PLGA-NPs (80 mg/kg or 800 mg/kg) or PLGA
(800 mg/kg) weekly for 4 weeks. As syngeneic mouse
models, the C57BL6/J mice that had been injected with
B16F10 cells (anti-PD1–resistant melanoma cells), and when
the tumors reached a size of 100–150 mm3 the mice were
given a daily intraperitoneal injection of 2DG (100 mg/kg), a
weekly intravenous injection of 2DG-PLGA-NPs (800 mg/kg)
or PLGA (800 mg/kg), or an intraperitoneal injection of anti-
PD1 antibody or rat IgG2a every 3 days for 12 days.
Neutralization of chemokine receptor CXCR3. Eight
months after the initial DEN injection, some DEN-treated
mice were administered 2DG (1000 mg/kg) daily, 2DG-
PLGA-NPDs (800 mg/kg) or PLGA (800 mg/kg) weekly for 3
weeks with 8 times intraperitoneal injections of an anti-
CXCR3 antibody (200 mg) (Bio X Cell) or hamster IgG (Bio
X Cell) (isotype control) (Figure 6A). When tumors reached
a size of 100–150 mm3, some syngeneic mice were weekly
administered 2DG (1000 mg/kg) daily, 2DG-PLGA-NPs
(1000 mg/kg), or PLGA (800 mg/kg) weekly with 5 intra-
peritoneal injections of anti-CXCR3 antibody (200 mg) or
hamster IgG for 12 days (Figure 9A).

The mice were bred and maintained according to the
guidelines approved by the Institutional Animal Care Use
Committee (Kawasaki Medical School), and killed by carbon
dioxide asphyxiation, as approved by the Panel on Eutha-
nasia of the American Veterinary Association. After the mice
were killed, tumor tissue and blood samples were collected.
Cell Culture
Huh7 and HepG2 hepatoma cells and B16F10 cells were

obtained from the Cell Resource Center for Biomedical
n in 260-mm–long microchannels. (A) After aligning the CD8þ

f each panel), medium containing CXCL10 and glucose (lane 1);
hydrochloric acid (lane 3) were injected into the compartment
ells in the images (middle line of each panel) are represented by
cells randomly selected from those in each lane was analyzed
cell migration, median values of velocity and directionality (di-
were calculated from the migratory pathway data obtained from
lots. *P < .05, **P < .01, and ***P < .001. (B) Migration of the
nalyzed in the same manner as described in panel A except for
the CD8þ T cells with IFN-g; lane 3, culture supernatant of the
els of CXCL9/CXCL10/CXCL11 in the CD8þ T cells co-cultured
cells/well) that were incubated with or without 2DG (10 mmol/L)
for the final 12 hours of the experiment, were added into the
migration was analyzed in the same manner as described for
ent opposite the CD8þ T-cell–containing compartment (lane 1,
T cells in the images were generated in the same manner as

D8þ T cells (5 � 104 cells/well) on the edge of the microchannel
L10 and glucose (lane 2); CXCL10, glucose, and 1 mmol/L 2DG
jected into the compartment on the opposite side of the CD8þ

ere drawn in the same manner as described in panel A. *P< .05,
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Research of the Institute of Development, Aging and Cancer
at Tohoku University (Sendai). HT29 colon cancer cells were
purchased from DS Pharma Biomedical, Co, Ltd (Osaka,
Japan). BxPC3 (ATCC CRL-CRL-1687) pancreatic cancer cells
were purchased from the American Type Culture Collection.
OS-RC-2 renal cancer cells were purchased from Bio-
resources of RIKEN (Saitama). The Huh7, HepG2, B16F10,
BxPC3, OS-RC-2, and HT29 cells were cultured in Dulbecco’s
modified Eagle medium containing 10% fetal bovine serum
(FBS), RPMI1640 medium containing 10% FBS, and McCoy’s
5A medium containing 10% FBS at 37�C in a humidified
atmosphere with 5% CO2.

Measurement of the ATP Production Rate
Total, glycolytic, and mitochondrial ATP production rates

were measured using an Agilent Seahorse XFp Real-Time
ATP Rate Assay kit (Agilent Technologies, Inc, Santa Clara,
CA) and a Seahorse XF24 Extracellular Flux Analyzer (Sea-
horse Bioscience, North Billerica, MA), according to the
manufacturer’s instructions. The Huh7 cells were cultured
in 24-well seahorse plates at a density of 3 � 104 cells/well.
The cell culture medium was replaced with Dulbecco’s
modified Eagle medium containing 10 mmol/L glucose, 1
mmol/L pyruvate, and 2 mmol/L glutamine at pH 7.4. The
extracellular acidification rates and oxygen consumption
rates were analyzed after an injection of 2DG (0, 1, 5, 10, or
50 mmol/L), 1 mmol/L oligomycin, 1 mmol/L carbonyl cy-
anide 4-(trifluoromethoxy)phenylhydrazone, and 0.5 mmol/
L rotenone/antimycin A. The glycolytic and mitochondrial
ATP production rates were determined based on the
extracellular acidification rates and oxygen consumption
rates using an Agilent Seahorse XFp Real-Time ATP rate
assay report generator. The total ATP production rate was
determined by adding the glycolytic ATP production rate to
the mitochondrial ATP production rate.

Immunoblotting
The cells were harvested using trypsin/ethyl-

enediaminetetraacetic acid, washed in phosphate-buffered
saline, and resuspended in cell lysis buffer (Cell Signaling
Figure 8. (See previous page). CD8D T-cell and Treg migratio
antitumor effects of anti-PD1 antibody and suppression o
Migration of the CD8þ T cells co-cultured with 2DG-PLGA-NP–
as described in Figure 7A, except for the injected medium (lane 1
4, CXCL10 and glucose). **P < .01, ***P < .001. (B) CD4þ/CD25þ

PLGA-treated Huh7 cells was analyzed in the same manner as d
and 2, CCL22). (C) Immunostaining for PD1 or PD-L1 in the liver
mg/kg), or 2DG-PLGA-NPs (800 mg/kg) (n ¼ 3 for each group)
daily for 2DG (intraperitoneal) and weekly for 2DG-PLGA-NP
described in Figure 4G. **P < .01, ***P < .001. (D) Liver tumors
2DG (100 mg/kg) þ anti-PD1 (3), or 2DG-PLGA-NPs (800 mg/k
every 3 days for anti-PD1, daily for 2DG (intraperitoneal), and we
liver tumors. *P < .05. (E) Immunostaining for CD3-positive cells
D (n ¼ 3 for each group) (original magnification: �400). Positively
.05, **P < .01 and ***P < .001. (F) Tumors and growth curves
PD1–resistant melanoma cells) treated with rat IgG2a (control), P
NPs (800 mg/kg) for 12 days. Administration frequency was ev
toneal), and weekly for PLGA and 2DG-PLGA-NPs (intravenous
cont, control.
Technology, Danvers, MA) containing a 1% protease inhib-
itor mixture (Sigma-Aldrich) and 100 mmol/L phenyl-
methylsulfonyl fluoride. Tissue samples also were lysed in
the same lysis buffer. The proteins in the lysates of cultured
cells or tumor tissues were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. These proteins
were transferred to polyvinylidene difluoride membranes
(Pall Corporation, New York, NY), and blocked for 1 hour at
room temperature with 5% bovine serum albumin and
0.1% Tween-20 in Tris-buffered saline. The samples sub-
sequently were incubated overnight at 4�C with the
following antibodies: a rabbit anti–phospho-AMPKa
(Thr172) monoclonal antibody (Cell Signaling Technology),
a rabbit anti-AMPKa monoclonal antibody (Cell Signaling
Technology), a rabbit anti–phospho-mTOR (Ser2448)
monoclonal antibody (Cell Signaling Technology), a rabbit
anti-mTOR monoclonal antibody (Cell Signaling Technol-
ogy), a rabbit anti–phospho-S6 ribosomal protein (Ser235/
236) monoclonal antibody (Cell Signaling Technology), a
mouse anti-S6 ribosomal protein monoclonal antibody (Cell
Signaling Technology), a rabbit anti–phospho-Rb (Ser780)
polyclonal antibody (Cell Signaling Technology), a mouse
anti-Rb monoclonal antibody (Cell Signaling Technology), a
rabbit anti–spliced x-box binding protein 1 monoclonal
antibody (Cell Signaling Technology), a mouse anti–CCAAT/
enhancer binding protein-homologous protein monoclonal
antibody (Cell Signaling Technology), a rabbit anti– acti-
vating transcription factor 4 monoclonal antibody (Cell
Signaling Technology), a rabbit anti–cyclin D1 monoclonal
antibody (Cell Signaling Technology), a mouse
anti–proliferating cell nuclear antigen monoclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit
anti–vascular endothelial growth factor polyclonal antibody
(Abcam, Cambridge, UK), a rabbit anti–phospho-JAK1 mono-
clonal antibody (Cell Signaling Technology), a rabbit anti-JAK1
monoclonal antibody (Cell Signaling Technology), a rabbit
anti–phospho-JAK2 monoclonal antibody (Cell Signaling
Technology), a rabbit anti-JAK2 monoclonal antibody (Cell
Signaling Technology), a rabbit anti–phospho-STAT1 (Tyr701)
monoclonal antibody (Cell Signaling Technology), a rabbit
anti-STAT1 monoclonal antibody (Cell Signaling Technology),
n in 260-mm–long microchannels, and amplification of the
f the anti-PD1–resistant tumors by 2DG-PLGA-NPs. (A)
or PLGA-treated Huh7 cells was analyzed in the same manner
, CXCL10; lane 2, CXCL10; lane 3, CXCL10 and glucose; lane
Tregs (1 � 104 cells/well) co-cultured with 2DG-PLGA-NP– or
escribed in Figure 7A, except for the injected medium (lanes 1
tumors of STAM mice treated with nothing (control), 2DG (100
(original magnification: �400). Administration frequency was
s (intravenous). Positively stained cells were quantified as
in STAM mice treated with nothing (control) (1), anti-PD1 (2),
g) þ anti-PD1 (4) for 3 weeks. Administration frequency was
ekly for 2DG-PLGA-NPs (intravenous). Yellow arrows indicate
in liver tumors of STAM mice in each group as shown in panel
stained cells were quantified as described in Figure 4G. *P <
of the syngeneic mice transplanted with B16F10 cells (anti-
LGA (800 mg/kg), anti-PD1, 2DG (100 mg/kg) or 2DG-PLGA-
ery 3 days for IgG2a and anti-PD1, daily for 2DG (intraperi-
). **P < .01 vs PLGA and anti-PD1, ***P < .001 vs the control.
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Figure 10. Schematic di-
agram depicting the
mechanisms by which
2DG-PLGA-NPs exert
dual antitumor effects of
cytotoxicity and anti-
tumor immunity. ECAR,
extracellular acidification
rate; GLUT, glucose
transporter; VEGF,
vascular endothelial
growth factor.
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a rabbit anti–phospho-EZH2 (Thr311) polyclonal antibody
(Cell Signaling Technology), a rabbit anti-EZH2 monoclonal
antibody (Cell Signaling Technology), and a rabbit anti-
–trimethyl-histone H3 (Lys27) polyclonal antibody (Sigma-
Aldrich). The transferred proteins also were blocked for 1
hour at room temperature with 5% milk and 0.1% Tween-20
in Tris-buffered saline and subsequently were incubated for 1
hour at room temperature with a rabbit anti–b-actin mono-
clonal antibody (Cell Signaling Technology). Immunoreactive
proteins were detected using an enhanced chemiluminescence
reagent (Western Lightning Plus-ECL; Perkin-Elmer). Immu-
noblots for p-AMPKa, AMPKa, p-EZH2, EZH2, and trimethyl-
histone H3 were obtained for the Huh7 cells in the presence
or absence of the AMPK inhibitor, compound C.
Histologic Procedures
Tumor tissues from mice were fixed in 4% para-

formaldehyde in phosphate-buffered saline and embedded
in paraffin for histologic analysis. In addition to undergoing
H&E staining, the liver sections were incubated overnight
with a 1:200 dilution of a rabbit anti-CD34 monoclonal
antibody (Abcam), a rabbit anti–cleaved-caspase 3
Figure 9. (See previous page). Neutralization of chemokine r
of sorafenib by 2DG-PLGA-NPs. (A) Schematic of the trea
(B) Tumors and growth curves of the syngeneic mice treated
**P < .01 vs a, b, and d; #P < .05 vs a and b. (C) Immunostainin
treated as shown in panel A (n ¼ 3 for each group) (original mag
Positively stained cells were quantified as described in Figure 4G
of the mice 21 days after treatment was initiated in 7 groups
administration of PLGA (800 mg/kg) weekly for 3 weeks (b), mice
for 3 weeks (c), mice with intravenous administration of 2DG
intravenous administration of PLGA (800 mg/kg) weekly and adm
3 weeks (e), mice with intraperitoneal administration of 2DG (100
by gastric intubation for 3 weeks (f), and mice with intravenou
administration of sorafenib (5 mg/kg) daily by gastric intubation f
vs a; ‡P < .001 vs a and b; §§P < .01 vs a, b, and e, and §P <
weight, and biological markers in plasma in the same groups a
polyclonal antibody (Biobyt, Ltd, Cambridge, UK), a rabbit
anti-CD3 monoclonal antibody (GeneTex, Irvine, CA), a
rabbit anti–IFN-g polyclonal antibody (Abcam), a rat anti-
Foxp3 monoclonal antibody (Thermo Fischer Scientific,
Waltham, MA), a rabbit anti–trimethyl-histone H3 (Lys27)
polyclonal antibody (Merck KGaA, Darmstadt, Germany), a
rabbit anti-PD1 polyclonal antibody (Proteintech, Rosemont,
IL), and a rabbit anti–PD-L1 polyclonal antibody (Proteintech)
at 4�C overnight. After incubation with avidin-conjugated
peroxidase (VECSTAIN Elite ABC; Vector Laboratories,
Burlingame, CA), the tissue sections were developed in
3,3’-diaminobenzidine tetrahydrochloride (Sigma Chemi-
cal, Co, St. Louis, MO). National Institutes of Health image
analysis software was used to quantify the mean percentage
area or the mean number of positively stained CD34, cleaved
caspase 3, CD3, IFN-g, FOXP3, trimethyl-histone H3, PD1, or
PD-L1 cells in 5 randomly selected fields of view in the digital
images of each xenograft tumor or liver tumor. Frozen sec-
tions of the xenograft tumors obtained from the FITC-PLGA-
NP–injected mice were fixed with Antifade Mounting Medium
with 40,6-diamidino-2-phenylindole (DAPI) (Vector Labora-
tories) and assessed by fluorescence microscopy. In addition,
eceptor CXCR3 and amplification of the antitumor effects
tment of syngeneic mice transplanted with B16F10 cells.
as shown in panel A (n ¼ 5 for each group). *P < .05 vs c;
g for CD3-positive T cells in the tumors of the syngeneic mice
nification: �400). Black arrows indicate CD3-positive T cells.
. **P < .01. (D) Huh7 cell xenograft tumors and growth curves
. Mice without treatment (control) (a), mice with intravenous
with intraperitoneal administration of 2DG (1000 mg/kg) daily
-PLGA-NPs (800 mg/kg) weekly for 3 weeks (d), mice with
inistration of sorafenib [5 mg/kg] daily by gastric intubation for
0 mg/kg) daily and administration of sorafenib (5 mg/kg) daily
s administration of 2DG-PLGA-NPs (800 mg/kg) weekly and
or 3 weeks (g). #P < .01 vs a, b, and e; *P < .05 vs. b, **P < .01
.01 vs c. (E) Changes in body weight, diet consumption, liver
s indicated in panel D. *P < .05, ***P < .001.
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frozen sections of the nontumor tissue obtained from the
FITC-PLGA-NP–injected STAM mice were incubated with a
1:200 dilution of an Alexa Fluor 647–conjugated rat anti-
mouse F4/80 monoclonal antibody (Abcam), fixed with
Antifade Mounting Medium with DAPI (Vector Laboratories),
and assessed by fluorescence microscopy.

Measurement of ROS Production
In situ ROS production in the liver was assessed by

staining with dihydroethidium, as described previously.42

Fluorescence intensity was quantified using National In-
stitutes of Health image analysis software for 5 randomly
selected areas in the digital images of each mouse.

Cell-Cycle Analysis
Huh7 and HepG2 cells (1 � 105) were cultured in 6-well

dishes and incubated with 2DG (0, 1, 10, or 25 mmol/L) for
12 hours. After removing the supernatants and adding
Annexin V–FITC and propidium iodide (Annexin V-FLUOS
staining kit; Roche Applied Science, Penzberg, Germany), the
cell cycle was analyzed using a FACS flow cytometer
(FACSCanto II; BD Biosciences, Franklin Lakes, NJ).

Measurement of GSH Production
GSH production was measured using a GSSG/GSH

Quantification kit (Dojindo Molecular Laboratories, Kuma-
moto Japan) according to the manufacturer’s instructions.
Briefly, Huh7 and HeG2 cells were cultured in 96-well plates
at a density of 3 � 103 cells/well, and incubated with 2DG
(0, 0.2, 1, or 5 mmol/L) for 24 hours. After adding the GSH
assay solution, absorbance of the sample was measured at
405 nm using a FLUO star OPTIMA system (BMG Lab-
technologies, Offenburg, Germany).

Assessment of Apoptosis
Apoptotic cells in xenograft tumors were assessed by the

terminal deoxynucleotidyl transferase–mediated deoxyur-
idine triphosphate nick-end labeling method, using an in
situ apoptosis detection kit (TaKaRa Bio, Inc, Tokyo, Japan)
according to the manufacturer’s instructions. Briefly, frag-
mented DNA was detected histochemically in frozen sec-
tions of the xenograft tumors via the in situ incorporation of
fluorescein-labeled nucleotides in situ onto the 3’ ends of
the DNA fragments. Fluorescein-labeled tissues were fixed
with Antifade mounting medium with DAPI and assessed by
fluorescence microscopy.

Real-Time Reverse-Transcription Polymerase
Chain Reaction

Total RNA was extracted from the frozen tumor tissues
using the RNeasy mini kit (QIAGEN, Hilden, Germany) and
reverse-transcribed into complementary DNA using a Su-
perscript III reverse-transcription kit (Invitrogen, Waltham,
MA). mRNA levels were determined using an ABI Prism
7500 sequence detection system (Invitrogen) and cataloged
primers (mouse Cxcl9 Mm00434946_m1, mouse Cxcl10
Mm00445235_m1, mouse Cxcl11 Mm00444662_m1, human
IFN-g Hs00989291_m1, human CXCL9 Hs00171065_m1,
human CXCL10 Hc00171042_m1, and human CXCL11
Hc00171138_m1) (Applied Biosystems, Foster City, CA),
according to the supplier’s recommendations. The mRNA
levels of CXCL9/CXCL10/CXCL11 were measured in the
presence or absence of compound C.
Measurement of CXCL9, CXCL10, and CXCL11
Levels

Huh7 and HepG2 cells (3 � 103 for each) were incubated
without or with 2DG (0.1, 1, or 10 mmol/L) for 24 hours in
6-well plates, with the addition of IFN-g and TNF-a for the
final 12 hours of the 24-hour experiment. CXCL9, CXCL10,
and CXCL11 concentrations in the supernatants of cell cul-
tures were determined using a Quantikine Enzyme-Linked
Immunosorbent Assay kit (R&D Systems, Inc, Minneapolis,
MN) according to the manufacturer’s instructions.
CD8þ T-Cell and Treg Isolation
Peripheral blood mononuclear cells from 50 mL of blood

collected from healthy human adult volunteers were iso-
lated using Lymphoprep (AXIS-SHIELD, Oslo, Norway) ac-
cording to the manufacturer’s instructions. CD8þ T cells and
Tregs were isolated from the purified peripheral blood
mononuclear cells using a CD8þ T-cell isolation kit (Milte-
nyi Biotec, Bergisch Gladbach, Germany) and a Treg isola-
tion kit (Miltenyi Biotec), respectively, and suspended in
RPMI 1640 containing 1% FBS.

The frequency of the CD8þ T cells in these preparations
was examined by staining with anti–CD8-FITC and anti–CD3-
PE (Tonbo Biosciences, San Diego, CA) using a FACS flow
cytometer (FACS Canto II). Likewise, the frequency of Tregs
was examined by staining with anti–CD4-FITC, anti–CD25-PE,
and anti–CCR4-biotin/streptavidin-APC (Tonbo Biosciences)
using a FACS flow cytometer (Aria III; BD Biosciences). We
confirmed that these preparations contained more than 90%
of CD3þ/CD8þ cells or CD4þ/CD25þ/CCR4þ cells,43 respec-
tively. The study protocol conformed to the 1975 Helsinki
Declaration and was approved by the Institutional Research
Ethics Committee (admission no. 3582).
Co-culture of CD8þ T Cells and 2DG-PLGA-
NP–Treated Huh7 Cells

After the incubation of Huh7 cells (1 � 104) in the
presence of 2DG-PLGA-NPs (equivalent to 10 mmol/L 2DG)
or PLGA (same weight as 2-DG-PLGA) for 24 hours in 6-well
and 96-well plates containing 0 or 900 mg/dL of glucose,
lactate production by the Huh7 cells was measured using a
glycolysis cell-based assay kit (Cayman Chemical, Ann Ar-
bor, MI) (Figure 6D). Then, CD8þ T cells (5 � 104) in cell
culture inserts (CC insert MD6 0.4; Thermo Fischer Scien-
tific) were co-cultured with Huh7 cells in 6-well dishes in
the presence of 2DG-PLGA-NPs or PLGA for 4 hours, and
IFN-g mRNA produced by the CD8þ T cells subsequently
was measured. Aside from this co-culture, the CD8þ T cells
in the cell culture inserts were co-cultured with Huh7 cells
in 96-well plates for 16 hours after medium exchange and
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the addition of 2-NBDG, and subsequently the 2-NBDG
content in the CD8þ T cells and Huh7 cells, was measured.

Chemotaxis Assay of the CD8þ T Cells and Tregs
A suspension of purified CD8þ T cells (5� 104 cells/well)

or CD4þ/CD25þ Tregs (1 � 104 cells/well) was exposed to a
chemokine concentration gradient in an EZ-TAXIScan device,
as described previously.44 Chips that were 4 mm in depth
were used for this study. The chemokine concentration
gradient that formed from the chemokine injection side to the
cell injection side of the microchannel was generated by
adding either 10 mmol/L recombinant CXCL10 (PeproTech,
Rocky Hill, NJ) or 0.32 mmol/L macrophage-derived chemo-
kine (recombinant human CCL22; Tonbo Biosciences). The
migration of the CD8þ T cells or Tregs in the microchannel
was traced with time-lapse intervals using a charge coupled
device camera and analyzed using TAXIScan Analyzer 2
software, as previously reported.45

To analyze the effect of lactate on CD8þ T-cell chemo-
taxis, CD8þ T cells were incubated in culture medium with
the pH adjusted to 7.2 by lactate or hydrochloric acid or
without pH adjustment for 24 hours. The CD8þ T cells in
each group were aligned on the cell injection side of the
microchannel and assessed for their migration.

To analyze the effect of IFN-g on CD8þ T-cell chemotaxis,
CD8þ T cells (1� 104 cells/well) were incubated with IFN-g
(1 mg/mL) (PeproTech) for 20 hours at 37�C. The culture
supernatant was injected into the chemoattractant injection
side of the microchannel with or without an anti-CXCR3
neutralizing antibody (Bio X Cell). The CD8þ T cells recov-
ered from the co-culture were aligned on the cell injection
side, and assessed for their migration without CXCL10
added to the chemoattractant injection side of the
microchannel.

To analyze the effect of the IFN-g– and
TNF-a–stimulated Huh7 cells with/without 2DG treatment
on CD8þ T-cell chemotaxis, the Huh7 cells (1 � 104 cells/
well) were incubated with/without 2DG (10 mmol/L) for 24
hours in 6-well plates, with IFN-g and TNF-a (PeproTech)
added and incubated for the final 12 hours of the 24-hour
experiment. The Huh7 cells were aligned on the chemo-
attractant injection side of the microchannel with or without
an anti-CXCR3.

To analyze the effect of co-culture of CD8þ T cells and
2DG-PLGA-NP–treated Huh7 cells on CD8þ T-cell chemo-
taxis, the CD8þ T cells that had been co-cultured with 2DG-
PLGA-NP–treated Huh7 cells for 16 hours, as described
earlier, were aligned on the cell injection side and assessed
for their migration. Similarly, the Tregs that had been co-
cultured with the 2DG-PLGA-NP–treated Huh7 cells under
the same conditions as the CD8þ T cells were assessed for
their chemotaxis under an CCL22 concentration gradient.

Finally, to analyze the direct effect of 2DG on CD8þ T-cell
chemotaxis, CD8þ T cells were incubated with 2DG (0, 1, 10,
or 50 mmol/L) for 24 hours in the presence or absence of
glucose (900 mg/dL), and then assessed for their migration.
To obtain statistical data regarding cell migration, the me-
dian values of the velocity and directionality of the CD8þ T
cells or Treg for each experimental period were calculated
from the migratory pathway data obtained from the time-
lapse images; the data are expressed in velocity-
directionality plots.
Measurement of the Biochemical Markers in
Serum

The levels of blood glucose, alanine aminotransferase,
total cholesterol, and triglycerides in mouse plasma were
determined using a SPOTCHEM EZ SP-4430 system (ARK-
RAY, Kyoto, Japan) according to the manufacturer’s
instructions.
Statistics
Quantitative values are expressed as the means ± SD.

Two groups among the multiple groups were compared
using the rank-based, Kruskal–Wallis analysis of variance
test, followed by the Tukey test. The data of 2 groups were
compared by the Student t test for continuous variables. A P
value less than .05 was considered significant.
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