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Background & Aims: Programmed cell death 1 ligand 1 (PD-L1)
expression on antigen-presenting cells is essential for T cell
impairment, and PD-L1-expressing macrophages may mecha-
nistically shape and therapeutically predict the clinical efficacy
of PD-L1 or programmed cell death 1 blockade. We aimed to elu-
cidate the mechanisms underlying PD-L1 upregulation in human
tumor microenvironments, which remain poorly understood
despite the clinical success of immune checkpoint inhibitors.
Methods: Monocytes/macrophages were purified from periph-
eral blood, non-tumor, or paired tumor tissues of patients with
hepatocellular carcinoma (HCC), and their possible glycolytic
switch was evaluated. The underlying regulatory mechanisms
and clinical significance of metabolic switching were studied
with both ex vivo analyses and in vitro experiments.
Results: We found that monocytes significantly enhanced the
levels of glycolysis at the peritumoral region of human HCC.
The activation of glycolysis induced PD-L1 expression on these
cells and subsequently attenuated cytotoxic T lymphocyte
responses in tumor tissues. Mechanistically, tumor-derived
soluble factors, including hyaluronan fragments, induced the
upregulation of a key glycolytic enzyme, PFKFB3, in tumor-
associated monocytes. This enzyme not only modulated the
cellular metabolic switch but also mediated the increased
expression of PD-L1 by activating the nuclear factor kappa B
signaling pathway in these cells. Consistently, the levels of
PFKFB3*CD68" cell infiltration in peritumoral tissues were neg-
atively correlated with overall survival and could serve as an
independent prognostic factor for survival in patients with HCC.
Conclusions: Our results reveal a mechanism by which the cel-
lular metabolic switch regulates the pro-tumor functions of
monocytes in a specific human tumor microenvironment.
PFKFB3 in both cancer cells and tumor-associated monocytes
is a potential therapeutic target in human HCC.
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Lay summary: Programmed cell death 1 ligand 1 (PD-L1)
expressed on antigen-presenting cells, rather than tumor cells,
has been reported to play an essential role in checkpoint block-
ade therapy. A fundamental understanding of mechanisms that
regulate the expression of PD-L1 on tumor-infiltrating mono-
cytes/macrophages will undoubtedly lead to the possibility of
developing novel PD-L1 blockade strategies with high specificity
and efficiency. The current study unveils a novel mechanism by
which metabolic switching links immune activation responses
to immune tolerance in the tumor milieu, identifying potential
targets for future immune-based anti-cancer therapies.

© 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction

Monocytes/macrophages constitute a major component of most
solid tumors and exhibit great plasticity and diversity according
to different environmental cues.!”® Instead of inducing anti-
tumor immune responses, monocytes/macrophages can be edu-
cated by the tumor microenvironment and facilitate disease
progression via diverse mechanisms.*> For example, we and
others have found that the peritumoral stroma of human hepa-
tocellular carcinoma (HCC) is highly infiltrated by monocytes
with activated phenotypes.®” These activated monocytes atten-
uate the T cell response by expressing programmed cell death 1
ligand 1 (PD-L1) but retain their proinflammatory properties to
induce angiogenesis and tissue remodeling by inducing inter-
leukin (IL)-17A-producing cell expansion and neutrophil
recruitment, thus rerouting the inflammatory response in a
tumor-promoting direction.®° The specific phenotype and func-
tions of these tumor-infiltrating monocytes/macrophages are
generally thought to be induced and maintained by local envi-
ronmental factors, but the underlying mechanisms are still not
well understood.

Cellular metabolic changes occur not only as passive conse-
quences of environmental cues but also as active regulators in
many physiological and pathological conditions.'°~'? For exam-
ple, lymphocytes employ distinct metabolic substrates and
pathways to fuel their different effector functions in naive, acti-
vated, and memory states.”>”'> Cancer cells preferentially
upregulate the glycolytic pathway to support and satisfy their
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distinct functional needs in tissue microenvironments, a phe-
nomenon known as the Warburg effect.'® To date, little is
known about whether and how metabolic changes might occur
and regulate the phenotypes and functions of monocytes/
macrophages in specific tumor microenvironments.

On the one hand, cellular metabolism provides the energy
and material basis for the process of signaling transduction.
On the other hand, many metabolic intermediates or enzymes
can directly interact with signaling pathways to regulate down-
stream cellular functions.!” As has been reported, it is not only
the process of glycolysis itself that supports cellular growth and
proliferation, but its key enzymes and byproducts can also
actively regulate the phenotype and functions of immune cells
by regulating downstream signaling pathways.'®2° For exam-
ple, glycolytic enzyme pyruvate kinase M2 (PKM2) can mediate
both the glycolytic switch and IL-1B production via hypoxia
inducible factor 1 o (HIF1a) stabilization in lipopolysaccharide
(LPS)-activated murine macrophages,?! suggesting that in addi-
tion to canonical roles in anabolism or catabolism, key meta-
bolic enzymes play direct roles in modulating immune
responses. However, currently, the enzymes or intermediates
that might be involved in regulating the phenotypes and func-
tions of human monocytes/macrophages in specific tumor
microenvironments, as well as the underlying signaling mecha-
nisms, are not well understood.

The present study provides evidence for the glycolytic switch
in HCC peritumorally-infiltrating monocytes. Instead of PKM2,
the upregulated glycolytic enzyme PFKFB3 induces PD-L1
expression on monocytes via nuclear factor kappa B (NF-kB)
activation, thus leading to immune evasion and disease progres-
sion in human HCC. Therefore, PFKFB3 might represent itself as
a therapeutic target in both tumor-associated monocytes and
cancer cells.

Materials and methods

Patients and specimens

Liver tissues were obtained from 141 untreated patients with
pathologically confirmed HCC from the Cancer Center of Sun
Yat-sen University between 2008 and 2017. Among these
patients, 94 (cohort 1) who had complete follow-up data were
used for immunohistochemical analysis and assessments of
overall survival (0OS). Another 47 (cohort 2) were used for the
isolation of fresh blood-, tumor- and non-tumor-infiltrating
leukocytes. Non-tumor sites were defined as areas at least
3 cm away from the tumor sites. The clinical characteristics of
all patients are summarized in Table S1. Blood samples were
obtained from 40 healthy donors attending the Guangzhou
Blood Center. All samples were anonymously coded in accor-
dance with local ethical guidelines (as stipulated by the Decla-
ration of Helsinki). Written informed consent was obtained
from each patient, and the study protocol was approved by
the Review Board of Sun Yat-Sen University Cancer Center (ref-
erence number for local ethical review study: GZR2017-015).
Heparin tubes (367884, BD Biosciences) were used to collect
blood samples, and all blood assays were performed using fresh
cells.

Isolation of leukocytes from peripheral blood and tissues

Peripheral leukocytes were isolated by Ficoll density gradient
centrifugation.® Tumor- and non-tumor-infiltrating leukocytes
were obtained from paired fresh tissue samples, as described
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previously.” CD14* monocytes and autologous T lymphocytes
were isolated using magnetic beads (130-050-201/130-095-
130, Miltenyi Biotec) for use in subsequent in vitro experiments.

Statistical analysis
Statistical tests used are indicated in the figure legends. The
results are expressed as the means SEMs. Correlations
between parameters were measured by Pearson correlation.
Statistical analysis was performed with GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA), and p <0.05 was consid-
ered statistically significant.

For further details regarding the materials and methods
used, please refer to the CTAT table and supplementary
information.

Results

Monocytes in the peritumoral region of HCC preferentially
enhance glycolysis levels

To determine the levels of glycolysis in tumor-infiltrating
monocytes/macrophages, we purified CD14" cells from the
peripheral blood and tumor tissues of patients with HCC and
examined the expression levels of glycolytic enzymes by
quantitative real-time PCR (qPCR). As shown in Fig. 1A,
CD14" cells derived from tumor tissues had significantly
increased expression levels of key glycolytic enzymes (GLUT1
[or SLC2A1], HK2, PFKFB3, PKM2, LDHA, PDK1, ALDOA, GAPDH,
and PGK1) compared to CD14" cells isolated from paired
peripheral blood. Consistently, tumor-derived monocytes
exhibited markedly higher hexokinase, phosphofructokinase,
pyruvate kinase and lactate dehydrogenase enzyme activity
than their blood or remote non-tumor tissue-derived counter-
parts (Fig. 1B). Moreover, increased lactate production and flu-
orescent 2-NBD-glucose consumption, as well as upregulation
of Glutl expression, were observed in monocytes purified
from tumor tissues compared with monocytes isolated from
the paired blood or non-tumor tissues of patients with HCC
(Fig. 1C-E).

To further confirm the upregulation of glycolysis in tumor-
infiltrating monocytes in situ in the tumors, we double-stained
sections of HCC samples with an anti-CD68 antibody (a marker
for monocytes/macrophages) and anti-Glut1 antibody. Interest-
ingly, the results showed that while the tumor-infiltrating
CD68™ cells had significantly increased levels of Glut1 expres-
sion compared to their non-tumor-derived counterparts, these
glycolysis active cells were predominantly enriched in the per-
itumoral area of HCC (Fig. 1F). Consistently, seahorse extracellu-
lar flux analysis showed that monocytes purified from the
peritumoral tissues exhibited significantly higher glycolytic
capacity than those purified from the non-tumor or intratu-
moral tissues (Fig. 1G). These data suggest that monocytes pref-
erentially increase the levels of glycolysis in specific areas of
human HCC.

We then use CD163/CD206 and HLA-DR/CD86 to further
characterize the phenotype of glycolytically active monocytes
purified from HCC tumor tissues. As shown in Fig. S1, the levels
of CD163 and CD206 were similar between Glut1* and Glut1”
monocytes. However, expression of both HLA-DR and CD86
were significantly higher in Glut1™ monocytes than in Glut1
cells, indicating that the peritumoral infiltrated, glycolytically
active monocytes exhibited features more similar to inflamma-
tory phenotypes.
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Fig. 1. Monocytes at the peritumoral regions of HCC preferentially enhance the levels of glycolysis. (A) CD14" cells were purified from the paired peripheral
blood and tumor tissues of 4 patients with HCC. The levels of glycolysis-related gene expression were quantified by qPCR. (B-E) CD14" cells were purified from
the paired peripheral blood (B), adjacent normal liver tissues (N) and tumor tissues (T) of HCC patients. The enzyme activity of HK, PFK, PK, and LDH in these
cells was quantified after purification (n = 6) (B). The levels of lactate production and 2-NBD-glucose consumption after 20 h of in vitro culture were measured
with a lactate assay kit and flow cytometry, respectively (n = 6) (C-D). The levels of Glut1 expression in CD14" cells were determined by flow cytometry after
purification (n=11) (E). (F) Paraffin-embedded HCC samples were double-stained with anti-human CD68 antibody (red) and anti-human Glut1 antibody
(green). The distribution of CD68*Glut1* cells was analyzed by confocal microscopy. The enlarged micrographs show the stained adjacent non-tumor tissues
(1), peritumoral area (2), and cancer nest (3). Scale bar = 100 um. n = 5. (G) CD14" cells were purified from the adjacent normal liver tissues (N), peritumoral
area (P), and cancer nest (T) of patients with HCC. The ECAR of these cells was measured with a seahorse analyzer (n = 3). The results shown in B, C, E and G are
expressed as the mean + SEM. *p <0.05, **p <0.01. The following statistical analyses were performed: 1-way ANOVA with Bonferroni’s correction (B, C, E). ECAR,
extracellular acidification rate; HCC, hepatocellular carcinoma; HK, hexokinase; LDH, lactate dehydrogenase; PFK, phosphofructokinase; PK, pyruvate kinase;
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qPCR, quantitative real-time PCR.

Glycolysis mediates tumor-induced PD-L1 expression on
monocytes
The selective enhanced glycolytic activity of peritumorally-
infiltrating monocytes was reminiscent of our previous finding
that monocytes upregulate PD-L1 expression via autocrine
tumor necrosis factor o (TNF-a) and IL-10 and subsequently
attenuate CD8" T cell activity in the peritumoral areas of
HCC.?? To explore the possible link between enhanced glycoly-
sis and PD-L1 upregulation, we cultured healthy peripheral
blood-derived monocytes with hepatoma HepG2 cell super-
natants (tumor-culture supernatant [TSN]) to induce tumor-
associated monocytes in vitro that had phenotypes similar to
those found for peritumoral monocytes in situ, including the
upregulation of PD-L1 expression. As expected, the TSN-
exposed monocytes had increased mRNA expression levels of
key glycolytic enzymes (HK2, PFKFB3, ALDOA, GAPDH, PGKI1,
PKM1, PKM2, and LDHA) and increased levels of lactate produc-
tion compared to the medium-treated monocytes (Fig. 2A, B),
and their enhanced glycolytic capacity was confirmed through
seahorse extracellular flux analysis (Fig. 2C). Notably, TSNs from
primary HCC cells (primary) and Huh7 cells, could also trigger
an upregulation of glycolysis in peripheral monocytes (Fig. S2A).
Thereafter, normal blood-derived monocytes were incubated
with medium or HepG2 TSN in the presence or absence of gly-
colysis inhibitor 2-Deoxy-D-glucose (2DG).>*> As shown in
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Fig. 2D and E, while TSN could induce significant upregulation
of TNF-a, IL-10, and IL-1p production, as well as PD-L1 expres-
sion in/on monocytes, 2DG treatment efficiently antagonized
the induction effects of TSN. In contrast, the IL-6 induction
effects of TSN were only marginally affected by 2DG treatment.
Consistently, tumor-exposed monocytes could suppress inter-
feron y (IFN-y) and TNF-a production by autologous CD8" T
lymphocytes, and such effects could be markedly abolished by
2DG treatment of monocytes (Fig. 2F). Similarly, 2DG could
attenuate PD-L1 expression on monocytes induced by TSNs
from primary HCC cells (primary) and HuH7 cells (Fig. S2B).
Together, the above results indicate that upregulation of glycol-
ysis might induce PD-L1 expression via autocrine cytokines in
tumor-associated monocytes, thus inducing CD8" T cell sup-
pression in specific tumor microenvironments.

PKM2 and HIF1a are not involved in the glycolysis-mediated
upregulation of PD-L1 on monocytes

A recent report as indicated that the glycolytic enzyme PKM2
can translocate into the nucleus and induce downstream cyto-
kine production via HIF1a stabilization in LPS-activated murine
macrophages.?"** Therefore, we set out to determine whether
such mechanisms were also involved in glycolysis-induced
PD-L1 expression in peritumoral monocytes. As shown in
Fig. 3A and B, monocytes exhibited a significant increase in
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Fig. 2. Glycolysis mediates tumor-induced PD-L1 expression on monocytes. CD14" cells were purified from the peripheral blood of healthy donors. (A-C)
Cells were left untreated or treated with supernatant from HepG2 cells (TSN) for 20 (A and B) or 12 h (C). The levels of glycolysis-related gene expression and
lactate production were determined by qPCR and with a lactate assay Kkit, respectively (n = 5) (A and B). The ECAR of these cells was measured with a seahorse
analyzer (n=5) (C). (D and E) CD14" cells were exposed to medium (Med) or TSN in the absence or presence of glycolysis inhibitor 2DG (25 mM) for 20 h. The
levels of TNF-a, IL-10, IL-1p and IL-6 production and PD-L1 expression in/on these cells were determined by ELISA and flow cytometry, respectively (n = 7). (F)
CD14" cells were treated with medium (MO) or TSN (TMO) for 20 h, in the absence or presence of 2DG, before their exposure to autologous CD8" T cells. The
levels of TNF-or and IFN-y production in CD8" T cells after 24 h of coculture were analyzed by flow cytometry (n = 7). The results shown here are expressed as
the mean + SEM. *p <0.05, **p <0.01, ***p <0.001. The following statistical analyses were performed: unpaired t test with Mann-Whitney U (A, B), 2-way ANOVA
with Bonferroni's correction (D, E, F). 2DG, 2-Deoxy-D-glucose; ECAR, extracellular acidification rate; qPCR, quantitative real-time PCR; TSN, tumor-culture

supernatant.

PKM2 nuclear translocation and PD-L1 expression upon TSN
treatment. However, while TEPP (a molecule promoting PKIM2
tetramer assembly) could effectively antagonize TSN-induced
PKM2 translocation in monocytes, TEPP had no effects on
TSN-triggered PD-L1 upregulation in these cells (Fig. 3B). Simi-
larly, while TSN-exposed monocytes showed markedly
increased levels of HIF1ow expression compared to the medium
control, their PD-L1 upregulation was only marginally affected
by the HIF1a inhibitor a-ketoglutarate (Fig. 3C, D). These results
suggested that activation of glycolysis could induce PD-L1
expression via mechanisms other than PKM2/HIF1a in peritu-
moral monocytes.

336

PFKFB3 mediates glycolysis-induced PD-L1 expression on
monocytes

Among the key glycolytic enzymes upregulated in tumor-
infiltrating or TSN-exposed monocytes, PFKFB3 exhibited the
most significant increase in mRNA expression levels (Figs. 1A,
2A). Consistently, exposure of monocytes to HepG2 TSN
resulted in a rapid increase in the expression of PFKFB3 protein,
and PFKFB3 expression peaked at approximately 24 h after the
treatment (Fig. 4A). To determine whether PFKFB3 mediated
the upregulation of PD-L1 expression by activating glycolysis,
we incubated normal blood-derived monocytes with TSN in
the presence or absence of 3PO, a PFKFB3 inhibitor. We
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Fig. 3. PKM2 and HIFla are not involved in the glycolysis-mediated
upregulation of PD-L1 on monocytes. CD14" cells were purified from the
peripheral blood of healthy donors. (A and B) Cells were pretreated with
DMSO or TEPP-46 (TEPP) (100 uM) for 1 h before exposure to medium (Med)
or HepG2 TSN for 20 h. The expression and distribution of PKM2 in these cells
were determined by confocal microscopy. Scale bar =20 um. One out of 5
representative micrographs from 5 independent experiments is shown (A).
The levels of PD-L1 expression were analyzed by flow cytometry (n=5) (B). (C
and D) CD14" cells were pretreated with different concentrations of aKG (0, 1,
and 2.5 pg/ml) for 1 h before exposure to medium (Med) or HepG2 TSN for
20 h. The levels of HIF1a expression were determined by western blotting
(n=5) (C). The levels of PD-L1 expression were analyzed by flow cytometry
(n=5) (D). The results shown in B and D are expressed as the mean + SEM.
The following statistical analyses were performed: 2-way ANOVA with
Bonferroni’s correction (B, D). aKG, o-ketoglutarate; TSN, tumor-culture
supernatant.

observed that both 2DG and 3PO abrogated the induction of
PFKFB3 expression in TSN-exposed monocytes (Fig. 4B). Intrigu-
ingly, while 3PO did not affect IL-6 production in TSN-treated
monocytes, this inhibitor could effectively antagonize TNF-a,
IL-10, IL-1B, and PD-L1 production/expression in/on TSN-
treated monocytes (Fig. 4C-E). Furthermore, while TSN-
exposed monocytes significantly suppressed IFN-y and TNF-o
production, cytotoxity against tumor cells, as well as the
in vivo tumor inhibiting effects of autologous CD8" T lympho-
cytes, such suppression could all be efficiently attenuated by
the treatment of monocytes with 3PO (Figs. 4F, S3A-C). Notably,
the effect of 3PO in attenuating PD-L1 expression was also con-
firmed in monocytes exposed to culture supernatant from pri-
mary HCC cells (primary) and HuH7 cells (Fig. S3D). To further
verify the role of PFKFB3, we downregulated PFKFB3 expression
via siRNA. As shown in Fig. 4G and H, compared with the NC
control, siPFKFB3 markedly abrogated the induction of PFKFB3
expression in TSN-exposed monocytes, resulting in the reduc-
tion of PD-L1 expression on these cells.

We next investigated the expression of PFKFB3 in human
HCC clinical samples. As shown in Fig. 41 and ], we observed a
positive correlation between the mRNA levels of PD-L1 and
PFKFB3 in the tumor tissue-derived monocytes (n=13;
p=0.0081) and negative correlations between the mRNA levels
of PFKFB3 in the tumor tissue-derived monocytes and the levels
of IFN-y" and TNF-o'CD8" T lymphocyte infiltration in the HCC
tumor tissues (n=9; p=0.0016 and n=9; p=0.0117, respec-
tively). We also stained paraffin-embedded serial sections of
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human HCC samples with different combinations of antibodies
(anti-CD68, anti-Glutl and anti-CD8, or anti-CD68, anti-
PFKFB3 and anti-PD-L1, or anti-CD8 and anti-programmed cell
death 1 [anti-PD-1]), and analyzed the distribution and correla-
tion between different cells. As shown in Fig. S4, CD68*Glut1*
cells were in close contact with CD8" T cells in the peritumoral
areas of HCC, and the densities of these 2 leukocytes exhibited
some positive correlation, although not statistically significant.
Similarly, CD68*PFKFB3"PD-L1* cells were closely located at
the same areas with CD8"PD-1" cells, but no significant correla-
tion was found between these 2 populations in HCC. These
results suggest that glycolytically active monocytes might
mainly regulate the functions, instead of the infiltration, of
CD8* T cells via the PD-L1-PD-1 axis.

Additionally, immunofluorescence staining confirmed that a
significant proportion of CD68" cells were positive for both
PFKFB3 and PD-L1 in the peritumoral tissues of HCC (Fig. S3E).
Together, these data suggested that PFKFB3 could mediate the
effects of TSN-induced glycolysis activation on PD-L1 expression
and immunosuppression in peritumoral monocytes of HCC.

PFKFB3 induces PD-L1 upregulation on monocytes via the
NF-kB signaling pathway

To further explore the mechanisms regulating PD-L1 induction
by PFKFB3 activation, we analyzed key signaling pathways that
could possibly be influenced in TSN-treated monocytes. As
shown in Fig. 5A, gene enrichment analysis of the transcriptome
profiles of TSN-treated or untreated monocytes showed that the
NF-xB (p = 0.007), mitogen-activated protein kinase (p = 0.118),
and JAK-STAT (p =0.000) signaling pathways were preferen-
tially activated in TSN-exposed monocytes.>>?® Accordingly,
the protein levels of p-IxBo, p-p65, p-p38, p-Erk, p-JNK, and
p-STAT3 were markedly increased in monocytes treated with
TSN (Fig. 5B). However, of the above observed signaling mole-
cule changes, only the upregulation of p-IxkBa and p-p65 by
TSN could be antagonized by siPFKFB3 treatment in comparison
to the non-coding (NC) control (Fig. 5B), indicating that the NF-
kB signaling pathway might be involved in regulating the
downstream functions of PFKFB3.

To test this hypothesis, we analyzed p65 nuclear transloca-
tion in monocytes transfected with siNC or siPFKFB3 in the pres-
ence or absence of TSN. As shown in Fig. 5C and D, while TSN
exposure significantly induced p65 translocation from the cyto-
plasm to the nucleus in monocytes, this induction was effec-
tively abrogated in the siPFKFB3 group. Moreover, similar to
siPFKFB3, both BAY and JSH-23, which are inhibitors that abolish
the activation of the NF-xB signaling pathway, could antagonize
the upregulation of PD-L1 expression in TSN-treated monocytes
(Fig. 5E). The correlation between PFKFB3 and the NF-xB
pathway was further verified in situ in tumors. When the
patients with HCC were divided into 2 groups according to the
median values of their PFKFB3 mRNA expression levels in peri-
tumoral monocytes, the PFKFB3"&" group showed significantly
higher levels of p-p65 expression than the PFKFB3'% group
(Fig. 5F). These data suggest that the NF-kB signaling pathway
is involved in regulating the upregulation of PD-L1 expression
by PFKFB3 activation in peritumoral monocytes of HCC.

Monocyte glycolysis that is activated by tumor-derived
hyaluronan facilitates human HCC disease progression
In light of the above findings, we further explored tumor
microenvironmental components that regulate glycolytic
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TSN, tumor-culture supernatant.

activation in peritumoral monocytes. TSN was either boiled to whether this component was responsible for the glycolytic acti-
denature the protein components or ultracentrifuged to exclude vation of tumor-associated monocytes. As shown in Fig. 6A and
the microvesicular components before being used to treat B, the HA fragments dose-dependently induced the upregula-
monocytes.”” As shown in Fig. S5A, none of these treatments tion of glycolytic capacity, PFKFB3 expression and PD-L1 expres-
showed significant effects on the upregulation of PFKFB3 sion infon normal blood-derived monocytes. Conversely, Pep-1,
expression in TSN-exposed monocytes. Similarly, treatment an HA antagonist, markedly abolished the increases in glycolytic
with lactate,”® which was found to have accumulated in HCC capacity, PFKFB3 expression, and PD-L1 expression in/on TSN-
tumor tissues or hepatoma TSN, showed only marginal effects exposed monocytes in comparison to the control peptide
on the activation of PFKFB3 and upregulation of PD-L1 in/on (Fig. 6C, D).

monocytes compared to those stimulated with TSN (Fig. S5B- To confirm the clinical significance of the glycolytic activa-
D). Because our previous results showed that tumor-derived tion in the peritumoral monocytes, we stained sections of HCC
hyaluronan (HA) fragments could regulate the phenotypes of tumor samples with an anti-PFKFB3 antibody and an anti-
tumor-infiltrating monocytes,® we next set out to determine CD68 antibody. Consistent with the above results, CD68" cells
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PCR; TSN, tumor-culture supernatant.

with high levels of PFKFB3 expression preferentially accumu-
lated in the peritumoral regions of HCC (Fig. 6E). The patients,
who received curative resection with follow-up data, were
then divided into 2 groups according to the median value of
the PFKFB3*CD68" cell density in the peritumoral region
(low, =45 cells [n=48]; high, >46 cells [n=46]). As shown
in Fig. 6F, more PFKFB3"CD68" cells in peritumoral tissues
indicated worse OS for patients with HCC (p = 0.015). More-
over, the density of PFKFB3"CD68" cells in the peritumoral
regions was positively associated with TNM (tumor-
node-metastasis) stage (p=0.036; Table 1) and could serve
as an independent prognostic factor for the OS of patients
with HCC (p <0.001; Table 2). The above results suggested that
glycolysis in peritumoral monocytes was activated by
tumor-derived HA and could thereafter facilitate the disease
progression of human HCC.

Journal of Hepatology 2019 vol. 71 | 333-343

Discussion
PD-L1 expression on antigen-presenting cells (APCs) is essential
for T cell impairment, and PD-L1-expressing dendritic cells and
macrophages may mechanistically shape and therapeutically
predict the clinical efficacy of PD-L1/PD-1 blockade.?® Our pre-
sent study provides evidence that cellular glycolysis mediates
the activation of monocytes by tumor microenvironmental cues,
which lead to the induction of PD-L1 expression on these cells
and subsequent autologous CD8" T cell suppression in peritu-
moral tissues of human HCC. Notably, a key glycolytic enzyme,
PFKFB3, has been identified as an important mediator regulating
PD-L1 expression on peritumoral monocytes by inducing the
activation of the NF-kB signaling pathway.

The roles of oxidative phosphorylation in sustaining
anti-inflammatory M2 phenotype and glycolysis in regulating
proinflammatory M1 polarization have been well documented

339



Research Article Cancer

>
w

30 30,
* =100 X . .
— £ 80 : =
) T ; )
% 20 - g 607 ! % 20
T 5 404 T
= 2
= é 20 =
3 10- 0+ T 2 10
o 0 25 50 75 100 o
D Time (min)
/]
&
O
0- Y '\\Qo QO 0-
100, © 9 ¥
PFKFB3 | L e e— — — | E 80 H Yo Med PFKFB3 | — —— |
= © TSN
I
B-actin | . e c— —— | 8 60 . _Trzmigz‘;ﬂ B-actin | e e —— |
= 40 \
Med 10 25 50 100 % Med - § %
HA(ug/mL) 2,8 P 3 &
O T T T T 1
0 25 50 75 100 TSN
Time (min)
E Non-tumor Peritumor Tumor F 104
:‘ ) § 0.8 4
e : 2 06
2o 7] High
T 0.4
o ; 2 =0015
% ritiah s by o 0.2 4 ,;\’=9;1
S [zl , 0
ti i T T T T T T
R 0 20 40 60 80 100
Months

Fig. 6. Monocyte glycolysis activated by tumor-derived hyaluronan facilitates disease progression of human HCC. (A-D) CD14" cells were purified from the
peripheral blood of healthy donors. These cells were treated with medium (Med) or hyaluronan (HA) fragments at different concentrations for 20 h (A and B), or
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with Bonferroni’s correction (C). ECAR, extracellular acidification rate; HCC, hepatocellular carcinoma; TSN, tumor-culture supernatant.

for monocytes/macrophages in different experimental mod-
els.2!39-33 Glycolysis has been found to be downregulated in
macrophages of some tumor types, and their switch to glycoly-
sis has been reported to contribute to the repolarization of these
cells into anti-tumor phenotypes.'®!?34 However, the role of
glycolysis in monocytes might be more complicated than previ-
ously thought, particularly in human tumors with distinct
compositions, since the current study provided evidence that
glycolysis induced PD-L1 expression in HCC tumor-activated
monocytes, thus rerouting the proinflammatory response into
an immunosuppressive direction, which might represent an
important mechanism by which tumors can regulate immune
components to favor tumor progression.

Human HCC tumor tissue can often be anatomically classi-
fied into distinct areas, namely, the cancer nest, invading edge,
and peritumoral stroma, each with a distinct structure and cel-
lular and nutrient composition.”® In particularly, the peritu-
moral regions are highly enriched with not only CD8* T
lymphocytes but also abundant PD-L1-expressing monocytes,
which are in close proximity to cancer cells at the invading edge
regions.® The current study provides evidence that metabolic
switching in monocytes intricately regulates the interactions
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between cancer cells and immune components in these impor-
tant areas.

It has been reported that PKM2 and/or HIF1a could mediate
effects of LPS stimulation on cytokine production in
macrophages,”’** but our current results suggested that such
mechanisms might not be involved in the regulation of PD-L1
expression in peritumor-infiltrating monocytes of HCC, since
blockage of PKM2 nucleus translocation or HIF1a stabilization
exhibited no significant effects on PD-L1 induction in tumor-
activated monocytes. Instead, PFKFB3, a key glycolytic enzyme
that is poorly characterized beyond its role in regulating glycol-
ysis, was shown to be important in inducing the expression of
PD-L1 in glycolytically activated monocytes. The role of PFKFB3
is supported by several lines of evidence. First, a positive corre-
lation between the mRNA levels of PD-L1 and PFKFB3 is evident
in tumor tissue-purified monocytes, and negative correlations
are evident between the mRNA levels of PFKFB3 in tumor
tissue-purified monocytes and the levels of IFN-y" or TNF-
o'CD8" T cell infiltration in HCC tumor tissues. Second, the
PFKFB3 inhibitor 3PO can antagonize the upregulation of TNF-
a, IL-10, and IL-1B, as well as PD-L1 production/expression in/
on TSN-treated monocytes. This inhibitor also effectively
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Table 1. Association of the density of peritumoral CD68* PFKFB3* cells
with clinicopathological characteristics of 94 patients with HCC.

Variables Peritumoral CD68* PFKFB3" cells
High Low p value
Age, years <47 26 21 0.216
>47 20 27
Gender Male 40 42 0.937
Female 6 6
HBsAg Negative 4 5 0.777
Positive 42 43
Cirrhosis Absent 15 15 0.888
Present 31 33
ALT, U/L <40 21 28 0.219
>40 25 20
AFP, ng/ml <25 14 20 0.257
>25 32 28
Tumor size, cm <5 13 15 0.751
>5 33 33
Tumor multiplicity Solitary 29 40 0.026
Multiple 17 8
Vascular invasion Absent 38 44 0.227
Present 8 4
Intrahepatic metastasis No 38 40 0.926
Yes 8 8
TNM stage 1 25 36 0.036
11+ 111 21 12
Tumor differentiation I+10 33 31 0.457
m+1v 13 17
Fibrous capsule Absent 12 10 0.548
Present 34 38

ALT, alanine aminotransferase; AFP, o-fetoprotein; HBsAg, hepatitis B surface
antigen; HCC, hepatocellular carcinoma; TNM, tumor-node-metastasis.
The results were analyzed by Chi-square test.

+

reverses the suppression of IFN-y and TNF-a production in CD8
T lymphocytes cocultured with tumor-activated monocytes.
Third, compared with the NC control, siPFKFB3 efficiently abro-
gates the upregulation of PD-L1 expression on TSN-exposed
monocytes. According to the immunofluorescence staining
analysis, a significant proportion of CD68" cells in the peritu-
moral tissues are positive for both PFKFB3 and PD-L1 expres-

JOURNAL
OF HEPATOLOGY

sion, and more PFKFB3*CD68" cells in these areas indicate
worse OS for patients with HCC.

The molecular link between PFKFB3 and NF-kB is currently
unclear. Indeed, although PFKFB3 is a glycolytic enzyme, emerg-
ing evidence has indicated its role beyond catabolism. For exam-
ple, it has been reported that PFKFB3 could regulate downstream
signaling molecules by modulating their ubiquitination, or via
the reactive oxygen species pathway,>®® but whether such
mechanisms might be involved in the regulation of NF-kB by
PFKFB3 in tumor-activated monocytes remains to be defined.

Cancer cells produce large amounts of HA fragments,®>°
which might play a role in regulating disease progression via
mechanisms that are not fully understood. The current study
provides evidence that the HA fragment can activate the
glycolysis pathway in tumor-activated monocytes and might
subsequently induce PD-L1 expression on these cells. Neverthe-
less, the network that regulates glycolysis activation in tumor-
infiltrating monocytes is much more complex than we have
ascertained so far, as the HA antagonist Pep-1 can only partially
attenuate the upregulation of glycolytic capacity in TSN-
exposed monocytes in comparison to the control peptide. More-
over, the overwhelming cohort of patients enrolled in this study
have hepatitis B-related HCC, and further work would be
needed to assess if the current findings are relevant in HCC aris-
ing in other etiologies.

PD-L1 expressed in APCs, rather than on tumor cells, has
been reported to play an essential role in checkpoint blockade
therapy.“®*! Therefore, a fundamental understanding of the
mechanisms that regulate the expression of PD-L1 on the mono-
cytes/macrophages of patients with cancer and the identifica-
tion of the underlying molecular pathways will undoubtedly
lead to the possibility of developing novel PD-L1 blockade
strategies with high specificity and efficiency. Given the role
of PFKFB3 in regulating PD-L1 expression on tumor-associated
monocytes, it is tempting to assume that a PFKFB3 inhibitor,
alone or in combination with PD-L1 blockage, would improve
the efficacy of current therapeutics targeting cancer check-
points, especially for patients with high PD-L1 levels on
tissue-infiltrating monocytes. Inhibitors that attenuate PFKFB3

Table 2. Univariate and multivariate analysis of factors associated with overall survival of patients with HCC.

oS
Univariate Multivariate
Variables p value HR 95% CI p value
Age, years >47 Vs. <47 0.856 n.a.
Gender female VS. male 0.523 na.
HBsAg positive Vs. negative 0.960 n.a.
Cirrhosis present Vs. absent 0.010 2933 1.204-7.143 0.018
ALT, U/L >40 Vs. <40 0.570 n.a.
AFP, ng/ml >25 Vs. <25 0.495 n.a.
Tumor size, cm >5 VS. <5 0.627 n.a.
Tumor multiplicity multiple Vs. solitary 0.007 1.245 0.350-4.437 0.696
Vascular invasion present Vs. absent 0.199 n.a.
Intrahepatic metastasis yes VS. no 0.028 1.157 0.466-2.872 0.754
TNM stage II+11 VS. I 0.005 1.589 0.442-5.711 0.478
Tumor differentiation I +1v Vs. [+11 0.109 n.a.
Fibrous capsule present Vs. absent 0.036 0.548 0.271-1.110 0.095
Peritumoral stromal PFKFB3*CD68" cells high Vs. low 0.015 2.255 1.135-4.481 0.020

ALT, alanine aminotransferase; AFP, a-fetoprotein; HBsAg, hepatitis B surface antigen; HCC, hepatocellular carcinoma; n.a., not available; TNM, tumor-node-metastasis.
Cumulative survival time was estimated by the Kaplan-Meier method, and the log-rank test was applied to compare the groups. Cox proportional hazards regression model
was used to conduct multivariate analysis of survival. p values in bold denote statistical significance.
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activation would target not only the immune checkpoint PD-L1
but also the cancer cells with high glycolytic rates, thus provid-
ing suitable microenvironments for more effective cytotoxic T
cell responses. Together, the data in our study have unveiled a
mechanism by which activation of the glycolytic pathway in
monocytes at specific tumor areas facilitates disease progres-
sion via PD-L1 upregulation, thus representing a novel tumor
immune editing strategy and indicating efficient targets for
future immune-based anti-cancer therapies.
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