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ABSTRACT

Metabolic inhibition via PFKFB3 inhibition has demonstrated considerable tumor inhibitory effects in
various studies; however, PFKFB3 inhibition did not show satisfactory tumor inhibition when used in
clinical trials. PFKFB3 is a crucial metabolic enzyme that is highly upregulated in cancer cells and directly
affects tumor glycolysis. Here, we showed that PFKFB3 inhibition suppresses tumors in vitro and in vivo in
immune-deficient xenografts. However, this inhibition induces the upregulation of PD-L1 levels, which
inactivated cocultured T-cells in vitro, compromises anti-tumor immunity in vivo, and reduced anti-tumor
efficacy in an immune-competent mouse model. Functionally, PD-1 mAb treatment enhances the efficacy
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of PFKFB3 inhibition in immunocompetent and hu-PBMC NOG mouse models. Mechanistically, PFKFB3
inhibition increases phosphorylation of PFKFB3 at residue Ser461, which increases interaction with HIF-1q,
and their colocalization into the nucleus, where HIF-1a transcriptionally upregulate PD-L1 expression and
causes subsequent tumor immune evasion. Higher phos-PFKFB3 correlated with higher PD-L1 expression,
lower CD8 and GRZMB levels, and shorter survival time in ESCC patients.

Introduction

Glycolysis is an essential enzymatic process in human cell
metabolism. It participates in the production of substrates
required in multiple biochemical pathways, such as the
tricarboxylic acid cycle, pentose phosphate pathway, and
fatty acids and cholesterol synthesis. In normal human
cells, anaerobic reactions predominate in the metabolism
under reduced oxygen conditions; however, in 1972, Otto
Warburg reported an essential role of glycolysis in cancer
cells regardless of oxygen concentration in the tumor
microenvironment'. This reprogramming of cancer cell
metabolism is not only responsible for the aggressiveness
of cancer growth but may also decrease reactive oxygen
species production and accumulation, and increase the
abundance of key metabolites required for rapid cell growth
and proliferation.>”

Glycolysis intensity is regulated by the activity of three
physiologically reversible enzymes: hexokinase, phosphofruc-
tokinase-1 (PFK-1), and pyruvate kinase. PFK-1 is the main
rate-limiting enzyme of glycolysis and the activity of PFK-1 is
regulated by metabolic products such as adenosine tripho-
sphate (ATP), adenosine diphosphate (ADP), and fructose 2-
6 biphosphate.* Of these compounds, F-2-6-BP is a reaction
product catalyzed by 6-phosphofructose 2-kinase/fructose-
2,6-biphosphatase (PFK-2/FBPase-2/PFKFB), which is also
the most potent positive allosteric effector of PFK-1.*°

PFKFB is a bifunctional enzyme responsible for the catalyza-
tion of both the synthesis and degradation of F-2,6-BP
mediated through its N-terminal domain (2-kase) and
C-terminal domain (2-pase) respectively. Of note, the active
site of the 2-kase domain has 2 distinct key areas (the
F-6-P binding loop and the ATP-binding loop) which are
essential for PFKFB to function.®

In humans, PFK-2/FBPase-2 is encoded by four different
genes: PFKFBI1, PFKFB2, PFKFB3 and PFKFB4. Thus, there
are four different PFK-2/FBPase-2 isozymes that have been
identified and characterized by tissue and functional
specificity.” PFKFB1 can be found predominantly in liver
and skeletal muscles, PFKFB2 predominates in the cardiac
muscles, PFKFB3 is ubiquitously expressed while PFKFB3
appears mainly in the testes.*” The overexpression of two
out of four isozymes (PFKFB3 and PFKFB4) have been
demonstrated in various solid tumors and hematological
cancer cells, and have been attributed to be responsible
for the tendency for glycolysis over aerobic respiration
despite high oxygen availability."”"* Furthermore, due to
slight differences in amino acid sequences at key sites for
enzymatic activity, all of the isozymes have a different affi-
nity for the synthesis or degradation of F-2,6-BP. Their
activity is expressed as the kinase/phosphatase ratio and
this ratio is about 4.6/1 for PFKFB4 and 730/1 for
PFKFB3, while it does not exceed 2.5/1 for PFKFBI1 and
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PFKFB2."* Owing to the high activity ratio of PFKFB3 and
its high expression in cancer cells, it has become the main
target of research on potential selective inhibitors to be
used as future molecular targeted therapy for the treatment
of cancer.

PFKFB3 is upregulated in many cancer types and has
been linked to various functions other than being
a metabolic enzyme. Interestingly, PFKFB3, unlike many
other metabolic enzymes, possesses a nuclear locating
sequence that allows PFKFB3 to navigate into the nucleus,
where many studies have revealed a plethora of unexpected
roles of PFKFB3: promotion of cell proliferation by regulat-
ing the expression of cyclin-dependent kinases, increased
angiogenic activity by upregulation human umbilical vein
endothelial cell, and regulation of autophagy via ROS and
adenosine-5’-monophosphate-activated protein kinase.'

Reports on the importance of PFKFB3 in cancer develop-
ment and the specificity and high activity ratio of the isozyme
PFKFB3 in cancer strongly suggest that the isozyme PFKFB3
may represent a promising target as a potent molecular tar-
geted therapy in cancer treatment. These characteristics of
PFKFB3 prompted research groups and pharmaceutical com-
panies to invest, develop and investigate the efficacy of selective
inhibitors of PFKFB3.>'® The first small molecule PFKFB3
inhibitor was 3-(3-pyridinyl)-1-1(4-pyridinyl)-2-propen-
1-one, also known as 3PO.'” 3PO belongs to the chalone
group and showed marked inhibition of tumor cells in vitro
and in vivo experiments; however, due to poor solubility and
later poor inhibitive selectivity, the use of 3PO was limited to
experimental research. Afterward, PFK-015, a derivative of
3PO, was developed with increased selectivity and inhibitory
effectiveness (~100 fold). Unlike 3PO, PFK-015 did not inhibit
other glycolysis-related enzymes such as PFK1 or hexokinases.’
In 2014, clinical trials of PFKFB3 inhibitors (NCT02044861)
were initiated with no serious adverse effect after a year, still it
was later stopped because “in human trials (PFKFB3 inhibitor)
did not produce enough of an effect to retain interest from
pharmaceutical companies”, with only six out of 19 patients’
tumor responding to the drug.'® " Since the most prominent
difference between in vivo experiments and clinical trials is the
human immune landscape, we sought to find the underlying
mechanism behind the failure of glucose metabolism inhibitor
PFK-015 and whether it could be attributed to tumor immu-
nity because recent studies have hinted that cell metabolism
and tumor immunity might be highly intertwined.*'~**

Esophageal squamous cell carcinoma (ESCC) makes up
more than 80% of all esophageal cancer worldwide and is
mainly prevalent in southern China. According to the
recent 2021 NCCN guidelines on esophageal cancer, there
are still no molecular targeted therapies that are recom-
mended in the treatment of esophageal cancer; however,
immune checkpoint inhibitor has been listed as first-line
therapy by the 2021 NCCN guidelines, median OS was only
increased by 1-3 months (PD-L1 CPS > 10). Therefore, we
also aimed to investigate the effectiveness of selective
PFKFB3 inhibitors in ESCC cells, possible effects on
tumor immunity and combination therapies with immune
checkpoint inhibitors.>>*°

Results

PFK-015 impeded ESCC tumor growth in vitro and in
immunodeficient in vivo models

Previous studies have shown that inhibiting PFKFB3 using
selective inhibitors such as PFK-015 can significantly impede
tumor development in vitro and in vivo in multiple cancer
types such as adenocarcinoma of the lung, stomach or colon, as
well as hematological.”’28 Here, we confirmed the effectiveness
of treatment with PFK-015 on esophageal cancer cell line
in vitro, where treatment with PFK-015 could inhibit tumor
growth in a dose-dependent manner in MTT assays and colony
formation assays (Figure S1IA-C). The IC* of PFK-015 in
esophageal cancer cell lines ranged from 4.01 to 5.08 pM,
which is consistent with what has been reported in other
studies.””*® DMSO (0.05%) was used as normal control and
exhibited minimal to no adverse effects on cell growth.
Treatment using PFK-015 in immunodeficient (nude) mice in
our in vivo study after sub-dermal flank inoculation with
esophageal cancer cells confirmed with our in vitro experi-
ments: showing a marked reduction in tumor volume and
final tumor mass when compared with the vehicle group
(Figure 1(a-c), SID). Together, these results confirm that
PFK-015 can indeed inhibit tumor growth both in vitro and
in immunodeficient in vivo models.

PFK-015 failed to inhibit tumor growth in
immunocompetent models

We hypothesized that the failure to complete phase II clinical
trial of PFKFB3 selective inhibitor might have been attributed
to the tumor microenvironment and anti-tumor immunity.
Therefore, to test that hypothesis, we inoculated mouse-
derived colon cancer cell line MC38 tumor cells into immuno-
competent mice and repeated our previous in vivo experiment.
One would expect similar results to our in vivo experiment in
immunodeficient mice. However, there was no significant dif-
ference between the PFK-015 treated group and the vehicle
group in immunocompetent mouse in terms of tumor volume
and tumor mass (Figure 1(d-f), S1IE). We showed that PFKFB3
inhibition using PFK-015 fails to inhibit tumor growth in
immunocompetent mice. These results suggest that an intact
immune system compromises the anti-tumor efficacy of selec-
tive inhibitor PFK-015.

PFK-015 induced tumor PD-L1 expression and inhibited
cytotoxic CD8 + T cells

To find out the underlying reason why PFKFB3 selective inhibi-
tors did not seem to be effective in an immunocompetent envir-
onment, we carried out an immune-related mRNA chip, which
revealed an upregulation in several immune-related checkpoints,
the most remarkable one being PD-L1 (Figure 1(g), S1F). To
confirm if this increase was also reflected by its protein level, we
used western blot and confirmed that this protein level expression
of PD-L1 was also increased, which was most prominent after
48 hours of treatment with PFK-015 (Figure 1(h),S1G). The iso-
lated tumors from both the immunocompetent mouse and the
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Figure 1. PFK-015 impeded ESCC tumor growth in vitro and in immunodeficient in vivo models but failed to inhibit tumor growth in immunocompetent models due to

increased PD-L1 expression in tumor cells.

immunodeficient mouse models were analyzed using flow-
cytometry and immunofluorescence analysis and revealed an
induction in the expression of PD-L1 (Figure 1(i-k)). Together,
these findings suggest that treatment of PFK-015 on cancer cells
induces PD-L1 expression.

Since treatment with PFK-015 was shown to increase PD-L1
expression and that PD-1 blockade on T cells is the main
mechanism by which immune escape mediated by PD-L1 is
carried out by tumor cells, we wanted to test whether the
immune escape caused by PFK-015 was dependent on cyto-
toxic CD8 + T cells. We co-cultured human peripheral blood
mononuclear cells (PBMC) together with cancer cells in the
presence and absence of PFKFB3 inhibitor. Treatment with
PFK-015 rendered cancer cells more resistant to cytotoxic
CD8 + T cells in T cell-mediated tumor cell killing assays, as
shown by our T-cells co-culture assays (Figure 2(a-c)).
Furthermore, using flow-cytometry, we found that the activity
of the co-cultured cytotoxic CD8 + T cells (IFN™ CD8™ T cells)
was significantly decreased in the PFK-015 treated group
(Figure 1(d-e)), S1H). Consistently, ELISA assay using the

culture medium aspirated from our co-culture wells showed
decreased IFN-y in the culture medium (Figure 2(f)). All those
results indicate that inhibiting PFKFB3 using PFK-015 can
cause a downregulation of immune activity against tumor
cells mediated by CD8 + T cells. A previous study has shown
that reverse PDL1 signaling in tumors could promote tumor
survival,”® therefore to exclude that possibility, we cultured
tumor cells with both PFK-015 and recombinant PD-1 and
found no marked difference in phosphorylation of mTOR
targets (p4EB-P1, pS6K, and pS6) in KYSE-70 tumor cells
and tumor cell survival as demonstrate by MTT assays
(Figure 2(g-h)).

Synergistic effect of PFK-015 and PD-1 mAb therapy
in vivo

To test whether the immune escape caused by the inhibition of
PFKFB3 using selective inhibitor PFK-015 could be attenuated
using PD-1 mAb therapy, we utilized PD-1 mAb to treat
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Figure 2. PFK-015 induced tumor PD-L1 expression inhibits cytotoxic effect of T-cells in vitro.

immunocompetent mice in combination with PFK-015. All
four groups (Vehicle+IgG, PFK-015+ IgG, Vehicle+PD1
mAb, and PFK-015 + PD-1 mAb) had no significant difference
in mouse weight at the end of their respective treatments. We
observed that the PFK-015 alone and the control group had no
significant difference in terms of tumor volume and mass.
Similarly, in B16 tumor-bearing mice, there was no significant
difference in tumor volume and mass when treated with PD-1
mADb alone, while MC38 tumor-bearing mice showed
decreased tumor volume and mass, both phenomena being
consistent with previous studies. However, in the PFK-015
and PD-1 mAb combined treatment group, there was
a significant decrease in tumor volume and tumor mass when
compared with all other groups, even in the B16.F10 tumor-
bearing mice (Figure 3(a-f)). At the end of the treatment, the
tumor samples were harvested for further analysis. Flow cyto-
metry of tumor-infiltrating lymphocytes showed that treat-
ment with PD-1 mAb could rescue the inhibition in T-cell
tumor-killing activity caused by PFK-015 (Figure 3(g-h),
S2A-C). Immunohistochemistry staining of MC38 and B16
tumors harvested from the mice with antibodies specific to PD-
L1, CD8 and Granzyme B showed an increase in PD-L1 expres-
sion and decreased CD8 and GRZMB, when cells were treated

with PFK-015. When PFK-015 was combined with anti-PD1
mAb, CD8 and GRZMB levels increased significantly (Figure 3
(i-j)). These findings support the concept that PD-1 mAb
treatment can block the upregulated PD-L1 expression on
cancer cells, caused by PFK-015 treatment, from blocking the
PD-L1 to PD-1 interactions from inactivating T cells, thus
restoring tumor immunity in the tumor microenvironment.

PFK-015 increased HIF-1a mediated PD-L1 transcriptional
activity

A Dbioinformatic analysis of possible proteins that could both
interact with PFKFB3 and act as a transcription factor that
could interact with PD-L1 promoter regions was carried out.
A list of positively correlated and negatively correlated transcrip-
tion factors was obtained, where the most plausible candidates
with positive correlation were FOXP3 and HIF-1a (Figure 4(a)).
Since FOXP3 is known to be mainly expressed in immune cells,
we decided to explore further the relations between PFKFB3 and
HIF-1a, since HIF-1a is known to be able to bind directly to
Hypoxia Responsive Elements (HRE) found on the promoter
regions of PD-L1 gene.>"”* To determine whether HIF-1a inter-
action with PD-L1 promoter region increased under treatment



ONCOIMMUNOLOGY €2079182-5

c MC38 e
P . 1500~ Vehicle +1gG
‘ ' .& ~ Vehicle+lgG - PFK-015+gG 1.5
— ~+- Vehicle + PD-1 mAb
PFK-015 - PFK-015 + PD-1 mAb G
@ <)
Vehicle+PD-1mAb 3 2
g s00 Sos
PFK-015+PD-1mAb S S
5 =
o T T T 1 0.0
9 12 15 18 PFK-015 - + - o+
Days after Innoculation PD-1mAb - ~ " "
b d B16 f
2500 ~® Vehicle +1gG
Vehicle+gG = PFK-015+IgG 20
#220009 . vehicle + PD-1 mAb ~
PFK-015+gG E 215
E 5004 -* PFK-015 + PD-1 =
b © =)
3 N k]
Vehicle+PD-1mAb 1000 e g 1.0
2 5
PFK-015+PD-1mAb 5 3
~ 500 205
0 T T T 1 0.0
9 12 15 18 PFK-015 - + -  +
Days after Innoculation PD1mAb - ~ . .
h
Vehicle+lgG _ PFK-015+IgG _Vehicle+PD-1 mAb __PFK-015+PD-1 mAb 80
PA(32.24% - P4Q413%) - P4(46.90%) - P49 81%)
© ] ] ) o
W . . - . 2 60 sas
Q% N © ® z 8
T e 2] 2 ® Z - .
z - N N < o 40
[ =4 B = S A
w [ | <9
) ® ® ® 5 20
R it o o e O P A 0
CD8-APC PFK-015 - +
PD-1mAb - - *+
i i
FB3 Phos-PFKFB3 PD-L1
I - 1501 300+ xx
= . nx B
R0 $ . Fos I
=D 3 I S 1
D F 2 1004 . * Sz 2004 .
> - o] .
o] b ® 2 4
o o |o| o =
3
& s o 3o
o R
329 & M
w+ T T T T T T T T
N «Vehicle+lgG « PFK-015+gG
AVehicle+PD-1mAb  V PFK-015+PD-1mAb
a S 400+ 400
< b an
SE Hide _
S 4 3004 2 3004
g ~ g H
3
3 =
EES = 1
52 8 8
SE © 1004 5 100
NN
w0
oa o od

Figure 3. Synergistic effect of PFK-015 and PD-1 mAb therapy in vivo in immunocompetent mouse model.

with PFK-015, we carried out CHIP assays, which confirmed the
physical interaction of HIF-1a with the HRE regions on the PD-
L1 promoter (Figure 4(b)). An interaction which when cells were
treated with PFK-015. Furthermore, to determine whether PD-L1
was transcriptionally active, a luciferase assay was carried out in
both 293 T and KYSE-520 cancer cell lines. Cells treated with
PFK-015 had significantly higher PD-LI transcriptional activa-
tion than the control group (Figure 4(c)). Also, silencing of HIF-
la using a transduced shRNA against HIF-1a showed that under
PFK-015 treatment tumors cell were unable to upregulate PD-L1
expression (Figure S3A), suggesting that HIF-1a mediated PFK-
015 in increasing PD-L1 expression. All of which highlights the
evidence that treatment with selective PFKFB3 inhibitor PFK-
015 can effectively increase the transcriptional activation of PD-
L1 expression which was mediated by HIF-1a.

To validate the second part of our bioinformatics analysis,
where the transcription factor could also interact with PFKFB3:
co-immunoprecipitation experiments were carried out with
KYSE-70 cells under treatment with PFKFB3 inhibitor PFK-015.
In the CO-IP experiments, treatment with PFK-015 increased the
interaction between PFKFB3 and HIF-1a and vice-versa (Figure 4
(d)). For a transcription factor to be effective, the transcription
factor HIF-1a. Finally, for HIF-1a to increase the expression of
PD-L1, accumulation of HIF-1a in the nucleus is necessary. We
carried out compartmental western blot assays to analyze the
presence of HIF-1a in each compartment, and our results showed
that under PFK-015 treatment, nuclear HIF-1a was markedly
increased (Figure 4(e)). Compared with the amount of cytoplas-
mic HIF-1a, nuclear HIF-1a accounts for a smaller portion of
HIF-1a, which may account for the insignificant reduction of
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Figure 4. PFK-015 increases PD-L1 expression by promoting phos-PFKFB3 mediated HIF-1a nuclear translocation and transcriptionalactivity.

cytoplasmic HIF-1a following PFK-015 treatment. Those results
confirm that PFK-015 treatment increases PD-L1 transcriptional
activity and expression with HIF-1a as an intermediary.

PFKFB3 phosphorylates and translocates into the nucleus
under PFK-015 treatment

There are several post-transcriptional modifications that
PFKFB3 can undergo under different kinds of stress and
stimuli.’>** A previous study on PFKFB3 has shown that
PFKFB3 underwent phosphorylation at serine 461 residue
when treated with PFK-015.%> To determine if PFKFB3 phos-
phorylates under PFK-015 treatment: a specific antibody
against phosphorylated PFKFB3 at Serine-461 residue was
used. Tumor cells were exposed to PFK-015 and the phosphor-
ylation of PFKFB3 protein was determined by western blots
(Figure 4(e)). Furthermore, compartmental protein blot analy-
sis showed a marked increase in phosphorylated nuclear
PFKFB3, which pointed to the translocation of phosphorylated
PFKFB3 into the nucleus (Figure 4(e)). PFKFB3 has been
shown to conservatively maintain a nuclear localization signal
(NLS) as “KKPR” (amino acid 472-475), which can be affected
by post-transcriptional modifications such as phosphorylation

or acetylation.’®*” Therefore, we focused on phosphorylated
PFKFB3 and mutated serine 461 to either null mutation S461A
or phosphorylation mimic S461D. The replacement of serine
with aspartic acid can mimic the effect of phosphorylation.
Flag-tagged WT-PFKFB3, S461A and S461D mutants were
stably expressed in esophageal cancer cells and their distribu-
tion in the cell cytoplasm or the nucleus was examined using
immunofluorescence and compartment protein blotting
(Figure 4(f-g)). In contrast with wild-type PFKFB3 and null
mutant S461A, phosphorylation mimetic S461 showed higher
nucleus localization, indicating that the phosphorylation of
S461 may cause nuclear translocation. It is known that
PFKFB3 translocates into the nucleus via interaction with the
nucleus membrane protein importin-a5. We validated in our
experiment that both treatment with PFK-015 and mutation to
phosphorylation mimic S461D both increase interaction
between PFKFB3 and importin-a5 (Figure 4(h-i)). Together,
these results indicate that PFK-015 caused the phosphorylation
of serine 461 on the protein PFKFB3, which increased the
nuclear localization via importin-a5. Together, those results
showed that when tumor cells are treated with PFKFB3 inhi-
bitor PFK-015, PFKFB3 phosphorylates, interaction with HIF-
la increases, and together they translocate into the nucleus via



importin a5. There, HIF-1a binds to the HRE regions found in
the promoter sequence of PD-LI gene, thereby increasing PD-
L1 expression.

Phosphorylated PFKFB3 expression levels correlated with
the efficacy of PD-1 mAb therapy in ESCC patients

To further validate our findings in human patient samples, we
assessed protein expression of phos-PFKFB3, CD8, GRZMB
and PD-L1 by IHC in a cohort of ESCC tissues (SYSUCC,
n = 73) (Figure 5(a)). The phos-PFKFB3 group exhibited
higher PD-L1 expression and lower CD8 and GRZMB activity,
and inversely the absent phos-PFKFB3 showed the opposite
pattern with low PD-L1 expression and high CD8 and GRZMB
activity (Figure 5(b)). Taken together, we speculated that phos-
PFKFB3 could promote tumor immune evasion and ultimately
affect the overall survival of ESCC patients. Therefore, we
further investigated the effect of phos-PFKFB3 expression
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had on the survival of the patient, where patient with phos-
PFKFB3 had worse prognosis than patient with absent phos-
PFKFB3 (log-rank P < .01, Figure 5(c)). Phos-PFKFB3
expression was an independent prognostic indicator (HR
(95% CI): 1.626 (1.594-7.177), P = .004) to patient survival as
shown by our wunivariate and multivariable analysis
(Supplementary table 4-5). These data further confirm that
phos-PFKFB3 could be used as a prognostic indicator and
that the tumor immune evasion can occur via the phos-
PFKFB3/HIF-1a/PD-L1 axis (Figure 5(d)).

CDX transplantation into hu-PBMC NOG mice can mimic
immunotherapy response in humans

To further test our hypothesis in an experimental model that
could approach the human immune system, human peripheral
mononuclear cells (hu-PBMC) pre-primed for humanized
mice model were injected intra-peritoneally into NOG mice
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Figure 5. Phosphorylated PFKFB3 expression levels correlated with the efficacy of PD-1 mAb therapy in ESCC patients.
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to simulate the human immune system inside a mouse. The
spleens from the sacrificed mouse were ground into single-cell
suspensions, and lymphocytes cells were collected to be run
through a flow-cytometer to compare the proportion of human
against mouse CD45+ cells, and there were more human CD45
+ cells than mouse cells; implying that the Hu-NOG mouse
model was successful (Figure S4A). KYSE-520 and KYSE-70
esophageal cancer cell lines were inoculated into the flanks of
our hu-PBMC NOG mice. When the tumors reached an appro-
priate size, the mice were randomized and separated into four
groups: normal control (Vehicle + IgG), PFK-015 alone (PFK-
015 and IgG), PD-1 mAb alone (Vehicle+PD-1 mAb) and
finally, the combination treatment group (PFK-015 and PD-1
mAb). Consistent with our previous experiments in an
immune-competent mouse model C57BL/6 with murine
tumors, the combination group showed the most significant
inhibition of tumor proliferation (Figure 6(a-c), S4B-D). FACS
of TILs showed decreased IFN* CD8" T cells in tumors treated
with PFK-015, and the highest level of IFN* CD8" T cells when

PFK-015 was combined with PD-1 mAb (Figure 6(d-e), S4E-
G). THC staining of tumor slides showed a marked upregula-
tion of PD-L1 and downregulation of CD8 and GRZMB in
tumors treated with PFK-015, which could be rescued using
anti-PD-1 mAb (Figure 6(g-h)). Therefore, these data confirm
that the use of PFKFB3 specific inhibitor increases PD-L1
expression on tumor cells, which inhibits the host immune
system from clearing tumor cells, a phenomenon which can
be remedied by using PD-1 mAb, thus underlining the syner-
gistic effect of combination therapy using PFKFB3 specific
inhibitors and PD-1 mAb.

Discussion

Our study revealed that selectively inhibiting PFKFB3 in cancer
cells using PFK-015 induces the expression of tumor PD-L1 via
the phos-PFKFB3/HIF-1a axis. Furthermore, combining PD-1
mAb with PFKFB3 selective inhibitor PFK-015 enhances the
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Figure 6. PFK-015 combined PD-1 mAb therapy significantly inhibits tumor growth in human PBMC-engrafted NOG mice.



treatment efficacy of ESCC by enhancing CD8 + T-cell activity
in immunocompetent mouse models such as C57BL/6 and hu-
PBMC-NOG. Therefore, this study shows that inhibiting gly-
colysis using PFK-015 can upregulate PD-L1 levels leading to
tumor evasion and uncovered a combination therapeutic strat-
egy for the treatment of ESCC.

Glucose metabolism is relied heavily upon by tumor cells to
fulfill their high metabolic demands during continuous
proliferation.”” The bi-functional enzyme PFKFB3 plays
a crucial role in the regulation of glycolysis in cancer cells.
Moreover, PFKFB3 is the only member of the PFKFB family
with the highest kinase/phosphatase ratio (740:1) and is a key
tumor-associated isoform.'* Thus, selective inhibition of
PFKFB3 has gained substantial interest as an attractive strategy
for cancer therapy in academic research but also in the phar-
maceutical industry due to its important role in regulating
glucose metabolism in cancer. As expected, promising in-
vitro results showed that inhibiting PFKFB3 in cancer cells
can cause tumor cell apoptosis, necroptosis, cell cycle arrest.”®
Giving rise to clinical trials involving selective PFKFB3
inhibitors.'”*

Translational medicine usually refers to the “bench-to-
bedside” enterprise of harnessing new knowledge, mechanisms
and techniques generated by advances in basic research into
new approaches for the prevention, diagnosis and treatment of
disease where the end-point is the production of a promising
new treatment that can be implemented clinically.40 However,
most translational research (54%) of translational research
fails, where the most common cause was “lack of
efficiency”.*'** Clinical trial (NCT02044861) of PFKFB3 selec-
tive inhibitor seems to have stopped with just 6/19 evaluable
patients responding to the drug. The main reason for clinical
trial failure usually is human subjects not responding to the
drug the way laboratory animal models do, which is usually
true for fields like immuno-oncology, where truly translatable
animal models are often lacking.** This seems to be underlined
by the fact that more and more studies are making the con-
nection between cancer cell metabolism and their immune
evasion ability.*>™*®

Glycolysis plays a pivotal role in cancer proliferation,
metabolism and other life activities. When selective inhibitors
are applied to key metabolic enzyme PFKFB3, glycolysis levels
are attenuated, resulting in low glucose processing ability and
ultimately in low production of ATP: the main building block
of cells in the body. Theoretically, targeted therapy aiming to
disrupt the glycolysis pathway should be a very effective anti-
cancer therapy; however, from our study, we can observe two
things: firstly, once a selective PFKFB3 inhibitor was applied,
tumor cells produce an early response where it leads to
PFKFB3 phosphorylation, an allosteric activation process
which greatly increases the potential enzymatic function of
protein PFKFB3, showing the sensitivity of cells to low glu-
cose availability and an attempt to restore energy availability
to resume cellular proliferation and other life activities, which
is consistent with previous reports.>> Here, it is noteworthy to
point out that tumor cells generally have higher phosphory-
lated PFKFB3 expressions when compared with normal cells
and that some cellular stress and stimuli such as glucose
starvation and chemotherapy can also induce an increase in
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phosphorylation levels of PEKFB3.'***** Secondly, after inhi-
biting PFKFB3; although the level of glycolysis decreased,
which inhibited cell proliferation, it activated the immune
escape pathway of tumors by shuttling HIF-la into the
nucleus via its interaction with phos-PFKFB3, thereby upre-
gulating PD-L1 and activating the immune escape pathway of
tumors. With recent advances in the field of tumor immu-
notherapy, the importance of the immune clearance of tumor
cells by the immune system has been clearly underlined,
oncologic therapy can only decrease tumor burden to
a certain point, to reach complete response, the body’s
immune system needs to clear out the remaining weakened
cancer cells.”>!

There are many studies reporting the effect of HIF-1a on
PFKFB3 and vice-versa. HIF-1a acts as a transcriptional fac-
tor of PFKFB3 and PFKFB3 has a reverse feedback loop
acting on HIF-1a.>*>® According to our bioinformatic ana-
lysis, there was a possible protein interaction between HIF-
la and PFKFB3 which was confirmed using Co-IP experi-
ments. In our study, we also found that PFK-015 induced the
phosphorylation of PFKFB3 which increased its nuclear loca-
lization. PFKFB3 contains a highly conserved NLS as
“KKPR” which mediates its nuclear import via the importin
family.’® This nuclear import can be affected by post-
transcriptional modification, for example, acetylation of the
residue causes it cytoplasmic retention.”” In our study, we
found that phosphorylation increased its binding with
importin-a5 and subsequent nuclear localization, which is
in line with a study by Dana C. et al. where phosphorylation
of ERKs upon stimulation increased binding to importin 7
and caused subsequent nuclear localization.”* Finally, we
showed that upon PFK-015 treatment, HIF-la and phos-
phorylated PFKFB3 localizes into the nucleus. Those results
do not rule out other factors increasing the import of HIF-1a
via other methods such as its innate nuclear import system
via the importin family, and would require further detailed
studies to clarify.”

Cancer cells with elevated glycolysis not only consume large
amount of glucose from the tumor microenvironment but also
releases elevated levels of metabolic by-products, especially lactic
acid into the tumor microenvironment.”® An increasing number
of studies have demonstrated that lactate is not only an end
product of glycolysis, but also an important regulator that partici-
pates in multiple signaling pathways in normal tissues and cells.”®
For example, tumor-infiltrating Treg cells can take up lactate to
maintain their suppressive functions by increasing the expression
of FOXP3 and MCT1.” High expression of FOXP3 reprograms
Treg cell into a more suppressive form and more adaptable to
a high lactic acid microenvironment.”” Another study showed that
glycolysis plays also plays a key role in T-cell differentiation, thus
when cancer cells out-compete T-cell for glucose, T-cell differen-
tiation into effector T-cells is inhibited. Therefore, tumor excessive
glycolysis promotes tumor cell growth by starving TILS, with the
resulting metabolites indirectly regulating the tumor microenvir-
onment and ensuring tumor immune evasion. Considering that
PFK-015 severely inhibits glycolysis in tumor cells, tumor cells lose
their ability to competitively starve TILs in the tumor microenvir-
onment and suppresses the amount of metabolites such as lactic
acid released by the tumor cells into the tumor microenvironment.
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Hence, the TILs in the TME could regain more tumor suppressive
functions which could explain the greater combined effect of PFK-
015 with PD-1 mAb. However, a limitation of this study is that we
have not yet studied the effect inhibiting tumor glycolysis on
tumor infiltrating lymphocytes in the tumor microenvironment
from our experiments in details, which we aim to do in future
studies focusing on the immunological side of glucose inhibition
in tumor cells.

In conclusion, this “beside-to-bench” study was inspired from
an inconclusive clinical trial of glycolysis enzyme PFKFB3 selec-
tive inhibitor, where a thorough investigation of possible cause
and mechanism was carried out, finding out that upon inhibition
of glucose metabolism in-vitro results are astounding: significant
inhibition of cell proliferation and decrease in tumor volume and
mass in immune-deficient mouse models. However, when carried
out in more human translatable models such as Hu-NOG mouse,
upregulation of PD-L1 immune escape occurs, shrinking away the
cytotoxic effect of PFKFB3 selective inhibitor. An effect which can
be remedied by combining immune checkpoint inhibitor (anti-
PD-1 mAb) treatment. These results could provide theoretical
guidance for future drug trials and combinational therapy.

Materials and methods
Cell lines

293 T, MC38 and BL16-F10 cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD,
USA). KYSE-520 and KYSE-70 cells were obtained from
German Cell Culture Collection (DSMZ, Braunschweig,
Germany). TE-11 cells were obtained from the Cell Bank of
Shanghai Institute of Cell Biology (Chinese Academy of
Medical Sciences, Shanghai, China). The cells were cultured
in RPMI-1640 or DMEM (for 293 T, MC38 and B16.F10)
(HyClone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA) and 1% peni-
cillin/streptomycin (HyClone) at 37°C with 5% CO,. Based
on short tandem repeat (STR) profiling by vendors, no cells
used in this study are found in the database of commonly
misidentified cell lines. All cells were further authenticated via
STR-PCR DNA profiling by Guangzhou Cellcook Biotech
Co.,Ltd. (Guangzhou, China) and were determined to be
free of mycoplasmic contamination.

Reagents, plasmid construction, and site-directed
mutagenesis

The PFKFB3 selective inhibitor PFK-015 was purchased from
Selleckchem (Houston, TX, United States). The lentiviruses
were synthesized by OBiO Technology Co., Ltd. (Shanghai,
China). Target cells were infected for 48 hr with lentivirus
particles in the presence of 5 mg/ml polybrene and screened
with puromycin to establish stable cells expression FLAG-
tagged PFKFB3. Site-directed mutants (S461A and S461D)
were provided by OBiO Technology (Shanghai, China).
Transfection was performed using Lipofectamine 3000
Transfection Reagent according to the recommended
protocol.

Cell proliferation and colony formation assay

Cells were seeded at 1,500 cells per well in 96-well culture
plates, and MTS assays (Qiagen, Hilden, German) were per-
formed according to the manufacturer’s guidelines. The absor-
bance was measured at a wavelength of 490 nm on a Synergy™
Multi-Mode Microplate Reader (Biotek, Vermont, USA). The
colony formation assay was carried out as approximately 500
cells were seeded per well in six-well-plates. After 14 days, the
cells were fixed in methanol and stained with 0.2% crystal
violet. The number of colonies was determined using
Quantity One software (Bio-Rad, Hercules, CA, USA).

The co-culture system of lymphocytes and tumor cells

PBMC were obtained from Shanghai AoNeng Biotechnology
Co., Ltd. Then, cancer cells were cultured in different interven-
tion groups in 6-well plates: namely normal control or with
cells pre-treated with PFK-015. Living cancer cells were then
quantified by crystal violet staining and counting using quan-
tity one software (Bio-Rad, Hercules, CA, USA).

Lactase Dehydrogenase assay and Elisa

Lactate dehydrogenase (LDH) activity was used as an index of
cytotoxicity. The samples were placed in 24-well plates with
three wells in each group. After treatment, the culture medium
was collected and centrifuged for the determination of LDH
activity using an LDH activity detection kit (ab102526, Abcam,
U.K.). LDH activity was determined spectrophotometrically (at
440 nm) according to the manufacturer’s instructions.
Supernatant collected from wells with treated cells were kept
at —80°C. Human IFN-f8 ELISA kit (ELabscience, Wuhan,
China) were used according to manufacturer’s instructions.

Western blot and qPCR analysis

Western blot analysis was performed according to the manu-
facturer’s instructions. Cells or tissues were lysed in RIPA
buffer. The protein concentrations were normalized with
a BCA assay kit (Thermo Fisher Scientific, Carlsbad, CA,
USA). Anti-B-actin (1:1000, Cell Signaling Technology,
Beverly, USA, 4967), anti-vinculin (1:1000, Cell Signaling
Technology, 13901), anti-lamin B, anti-PFKFB3 (1:1000,
Abcam, Cambridge, MA, USA, ab181861), anti-PFKFB3
(phosphor-S461) (1:1000, ab232498), anti-HIFla (1:1000,
Abcam, Cambridge, MA, USA, ab228649), anti-FLAG tag
(1:1000, Cell Signaling Technology, 8146) were used in this
study. RNA levels were measured by qPCR analysis according
to the manufacturer’s instructions. The specific primer
sequences are listed in Supplementary Table 1.

Co-immunoprecipitation (CO-IP)

Co-IP was performed as following, briefly, cells were collected
and lysed in lysis buffer with PMSF freshly added to a final
concentration of 1 mM, and 1x protease inhibitor cocktail.
After quantification using a BCA protein assay kit (Thermo
Fisher, #23225), 2 mg of total protein were used for Co-IP and



incubated for overnight with 5 mg of anti-FLAG antibodies,
and normal IgG as a negative IP control, respectively. The
mixtures were incubated for another 2-4 hr with protein A/G
agarose beads, and then beads were washed at least 5 times, and
treated with 1x SDS sample buffer (Bio-Rad, #161-0737) and
boiled at 100°C for 10 min. Cell lysates were also treated with
equal volume of 5x SDS sample buffer and resolved by SDS-
PAGE under denaturing conditions and transferred onto
PVDF membranes (Bio-Rad, #162-0177). The membranes
were blocked with 5% nonfat milk (LabScientific, #M0841) in
1x PBST at RT for 2 hr and incubated with primary antibody
overnight at 4°C, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 1 hr at RT.
To visualize proteins in the membrane, enhanced chemilumi-
nescence (SuperSignal ECL, ThermoFisher Scientific, Carlsbad,
USA) was used.

Bioinformatics analysis

Transcription factors that could bind and activate promoter
regions of PD-L1/CD274 was listed from the registry
AnimalTFDB (v3.0) (http://bioinfo.life.hust.edu.cn/
AnimalTFDB/), and they were scored according to their
possible interaction with protein PFKFB3. Then, they were
cross-examined against their correlation with PD-L1
expression levels using TCGA database (https://www.tcga.
org/), obtaining a list of possible transcription factors that
correlated with PD-L1 expression and PFKFB3 interaction.
This list of transcription factors that support the findings of
this study are available from the corresponding author
upon reasonable request.

ChIP and luciferase reporter assays

ChIP assays were performed with a ChIP kit from Merck
Millipore (Billerica, MA, USA) according to the manufacturer’s
instructions. Briefly, 1 x 10” cells were cross-linked with a final
concentration of 1.42% formaldehyde in growth medium for
15 min at RT, and cross-linking was quenched by the addition
of glycine to a final concentration of 125 mM and incubation for
5 min at RT. Cells were harvested and lysed in IP buffer supple-
mented with 1 mM PMSF and 1 x protease inhibitor cocktail and
sonicated to shear the chromatin to yield DNA fragment sizes of
0.5 to 1 kb. Samples were preincubated for 1 hr with 40 ul of
protein A/G agarose beads. A 10% portion of the precleared
samples was used as input DNA. Then, approximately 5 mg of
HIF-1a antibody or normal immunoglobulin (IgG) was added to
the remainder of the samples and incubated for 1 hr at 4°C, 40 ul
of protein A/G agarose beads were added, and the mixture was
incubated for 4 hr at 4°C. Beads were washed six times with cold
IP buffer, the total input DNA was also isolated. Quantification
was performed using real-time PCR. Control IgG and input
DNA signal values were used to normalize the values from the
HIF-1a ChIP to target genes. The primers sequences for target
genes were HRE-1-PDL1: TCCTTATGGAACCAAGGGAAG;
HRE-2-3-PDL1: TGAGGAAGTCACCAAATCCA; HRE-
4-PDL1: GTTTCACAGACAGCGGAGGT. qPCR analysis was
performed to detect the DNA fragments immunoprecipitated
with HIF-1a. An anti-HIF-1a antibody (1:20, Abcam, ab228649)
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was used in the ChIP assays. Luciferase reporter assays were
performed according to the manufacturer’s instructions
(Promega, WI, USA). Firefly and Renilla luciferase activities
were examined by the Dual-Luciferase Reporter Assay System,
and firefly activity was normalized to Renilla activity.

Cell-based xenograft mouse models

Cancer cell lines (2 x 10°) or murine cancer cell lines (5 x 10°)
were injected subcutaneously into the dorsal flanks of 4-week-
old female BALB/c nu/nu mice (five mice per group) or
C57BL/6 mice respectively. Tumor growth was monitored
every 3 days after transplantation using calipers. When the
study finished, the mice were anesthetized, and the tumor
volume and weight were measured. All tissues from the cell-
based xenografts underwent further analysis.

Humanization of NOG mice

Human peripheral blood mononuclear cells (hu-PBMC),
primed for humanized mouse model, were obtained from
Shanghai AoNeng Biotechnology Co., Ltd. Prior to engraft-
ment, the PBMCs were resuspended into RPMI-1640 supple-
mented with 10% fetal calf serum at a density of 5 x 107 cells/
ml. Then, the PBMC solution was transplanted into 4-5 weeks
old female NOG mice by IP injection. Successfulness of
huPBMC-NOG mouse models was determined by flow cyto-
metry as previously reported.”®

Immunohistochemistry and immunofluorescence

For the IHC assays, staining and analysis were performed
according to the manufacturer’s instructions. Respective anti-
bodies used in this study are listed in supplementary table 2. For
quantification analysis, we evaluated the extent and intensity of
all markers. Immunofluorescence staining was performed
according to the manufacturer’s instructions, and an anti-PD-
L1 antibody (1:200, Abcam, ab238697) and anti-PFKFB3 anti-
body (1:150, Abcam, ab181861) was used in this study.

Flow cytometry analysis

In this study, all flow cytometry antibodies and agents
described above were purchased from BioLegend, San Diego,
CA, USA. For mouse samples, single cell suspension of MC38/
B16 /KYSE-520/KYSE-70-xenograft tumors were obtained by
rapid and gentle stripping, physical grinding and filter filtra-
tion. After getting rid of dead cells with Zombie Aqua Fixable
Viability Kit (77143), Zombie Red Fixable Viability Kit
(77475), cells were stained with respective antibodies for
20 min as shown in supplementary table 3. After fixation and
permeabilization by BD Cytofix/Cytoperm™ Fixation and
Permeabilization Solution as per manufacturer’s instruction.
Stained cells were analyzed by CytoFLEX flow cytometer
(Beckman Coulter). Data were further analyzed by Flow Jo
10.0 software.
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Statistics and reproducibility

All experiments were carried out at least three times, for immuno-
fluorescence staining, IHC, and western blot assays, representative
images are shown. The results are presented as the mean + S.D of
at least three independent experiments after analysis by Student’s
t test or one-way ANOVA using GraphPad Prism 8.0.1
(GraphPad, La Jolla, CA, USA). Relative gene expression was
analyzed using the 274 or 2744“" method. Correlations between
phos-PFKFB3 levels and PD-L1, CD8 and Granzyme B expression
were analyzed with Pearson’s correlation analysis. Survival ana-
lyses were performed using the Kaplan-Meier method and
assessed using the log-rank test. All the statistical tests were two-
sided, P < .05 was considered statistically significant.
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Animal Care and Use Committee of Sun Yat-Sen University.
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