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ABSTRACT

Aberrant post-translational glycosylation is a well-established hallmark of cancer. Altered core fucosylation
mediated by α-(1,6)-fucosyltransferase (Fut8) is one of the key changes in tumor glycan patterns that
contributes to neoplastic transformation, tumor metastasis, and immune evasion. Increased Fut8 expression
and activity are associated with many types of human cancers, including lung, breast, melanoma, liver,
colorectal, ovarian, prostate, thyroid, and pancreatic cancer. In animal models, inhibition of Fut8 activity by
gene knockout, RNA interference, and small analogue inhibitors led to reduced tumor growth/metastasis,
downregulation of immune checkpoint molecules PD-1, PD-L1/2, and B7-H3, and reversal of the suppressive
state of tumor microenvironment. Although the biologics field has long benefited tremendously from using
FUT8−/− Chinese hamster ovary cells to manufacture IgGs with greatly enhanced effector function of antibody-
dependent cellular cytotoxicity for therapy, it is only in recent years that the roles of Fut8 itself in cancer biology
have been studied. Here, we summarize the pro-oncogenic mechanisms involved in cancer development that
are regulated by Fut8-mediated core fucosylation, and call for more research in this area where modifying the
activity of this sole enzyme responsible for core fucosylation could potentially bring rewarding surprises in
fighting cancer, infections, and other immune-related diseases.

Statement of Significance: Core fucosylation catalyzed by Fut8 plays a critical role in growth factor
signaling, cancer cell metastasis, and immune function regulation. Apart from industrial attention on
knocking out FUT8 in CHO cells for producing afucosylated therapeutic IgGs with enhanced ADCC/ADCP,
the enzyme itself is a potential therapeutic target for cancer immunotherapy.
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INTRODUCTION

Recently, an all-embracing term, AntibodyPlus, was pro-
posed by the Chinese Antibody Society for any therapeutics
with an antibody component carrying an effector mod-
ule, such as antibody-drug conjugates (ADCs), bispecific
antibodies, chimeric antigen receptor T cells, as well as
many other complex modalities [1]. As glycosylation on the
fragment crystallizable (Fc) region of immunoglobulin G
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(IgG) significantly influences the interaction of antibodies
with Type I and Type II Fc receptors [2], glyco-engineered
antibodies having enhanced effector functions are certainly
the simplest form in the realm of AntibodyPlus, and they
are among the forerunners as the next generation antibody
therapeutics.

As of 30 June 2022, 162 antibodies or Fc-fusion pro-
teins have been approved by regulatory agencies across
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the globe [3]. The great majority of marketed therapeutic
antibodies are produced in the Food and Drug Administra-
tion (FDA)-approved, industry-preferred Chinese hamster
ovary (CHO) cells [3]. Although CHO cells have highly
appealing advantages in supporting large-scale serum-free
fermentation to produce high quality antibody products,
the glycosylation profiles of CHO cells are, however, differ-
ent from those of human origin. For example, human pro-
teins have terminal sialic acid attached to galactose in α-2,6-
, α-2,3-, and α-2,8-linkages, predominantly α-2,6-linkage,
whereas CHO cells lack α-2,6-sialyltransferase (St6gal1)
and only express α-2,3-sialyltransferase [4, 5]. Sialylation
plays critical roles in the half-life and efficacy of thera-
peutic glycoproteins. The asialoglycoprotein receptor on
hepatocytes recognizes exposed terminal galactose on non-
sialylated N-glycans and mediates uptake and quick clear-
ance of asialylated proteins from circulation [6, 7]. The
conventional CHO-K1 cells not transfected with exogenous
ST6GAL1, such as CHOZN® GS CHO cells, have low
abundance of complex glycans, and low to undetectable
sialylated glycans, on glycoproteins including antibodies
[8]. On the contrary, hypersialylation of IgG can signifi-
cantly increase serum half-life by up to 9-fold [9]. Moreover,
the anti-inflammatory activity of sialylated IgG has been
broadly described [10–14], and α-2,6-linked sialic acid on
intravenous immunoglobulin (IVIG) and on its recombi-
nant equivalent is the active moiety that mediates IVIG’s
anti-inflammatory effects [10, 15]. Thus, continuous efforts
in glyco-engineering of CHO host cell lines are necessary
for the development of “bio-better” protein therapeutics
with human-like glycoprofiles and desired bioactivities [8].

Apart from sialylation on antibody products, IgG
fucosylation is another major focal point of the bio-
pharma industry. For the purpose of this review, we
will first introduce the industrial application of targeting
α-(1,6)-fucosyltransferase (FUT8) in the producing cell
lines for manufacturing afucosylated therapeutic anti-
bodies whose mechanisms of actions (MOAs) rely on
antibody-dependent cellular cytotoxicity and/or phago-
cytosis (ADCC and ADCP, respectively); then, we will
discuss the recent findings on the unexpected roles
of Fut8 itself in various aspects of immuno-oncology.
Technologies centered on Fut8 modulation for CHO cell
glyco-engineering could potentially be extended to new
therapeutic and diagnostic avenues.

FUT8 DEPLETION IN ANTIBODY-PRODUCING
CELLS FOR ENHANCED THERAPEUTIC INDEX OF
ANTI-CANCER AFUCOSYLATED IGG

Application of afucosylated IgG is disease dependent

In cancer biology, ADCC and ADCP are oftentimes the
dominant MOA for therapeutic IgG1 antibodies against
tumor cells. Naturally, over 90–95% of normal human
IgG1 in the serum have core fucosylation (Fig. 1) in the
two biantennary complex-type N-linked oligosaccharides
in their Fc region [16]. Yet, in a “less-is-more” fashion,
human IgG1 lacking core fucose demonstrates 50-fold
increased affinity toward the low affinity activating Fcγ R,
hFcγ RIIIA, and therefore exhibits 50–100-fold enhanced

ADCC, resulting in much better therapeutic outcomes in
cancer treatment [17]. Our own work also showed that
afucosylated IgG possessing higher effector functions
through the activating Fcγ RIIIA or Fcγ RIV in various
mammals is a cross-species phenomenon [18]. This knowl-
edge greatly facilitates the efficacy, toxicity, and MOA
studies of the next-generation afucosylated therapeutic IgG
and Fc fusion proteins directly in underrepresented animal
models of human diseases.

Many underrepresented mammalian models are highly
valuable for infectious disease research. For example, fer-
rets are a well-established model for evaluating antiviral
therapies and studying the pathogenesis and transmission
of human respiratory viruses, including influenza [19, 20]
and SARS-CoV-2 [21, 22]. Our functional identification
of previously uncharacterized hFcγ RIIIA homologues in
ferrets, rabbits, and hamsters [18], and a mFcγ RIV homo-
logue in guinea pigs [23] that are hypersensitive to afu-
cosylated IgG supports studies on the application of afu-
cosylated neutralizing antibodies against Ebola [24] and
on the mechanisms of enhanced disease severity by low-
fucosylated IgG in dengue [25, 26] and COVID-19 [27–29].

Although more research is warranted on the supplemen-
tation of the exogenously transferred, or on the mitigation
of the endogenously produced, afucosylated IgG in various
disease settings, so far there are already seven afucosy-
lated or low-fucosylated therapeutic hIgG1 approved by
FDA/EMA [30], and > 20 are in clinical trials for cancer
treatment [31]. For example, the anti-CD20 Obinutuzumab
(or GA101) has only a < 30% reduction in fucosylation
than Rituximab, but it has increased cell-mediated cyto-
toxicity and has been approved for treating patients with
chronic lymphocytic leukemia or follicular lymphoma [31,
32]. Another example is Mogamulizumab (or KW-0761),
an afucosylated IgG1 against CC chemokine receptor 4.
Mogamulizumab is approved in Japan for the treatment of
hematologic malignancies and cutaneous T-cell lymphoma
(CTCL) [31]. We also reported in animal models that sim-
ple glyco-engineering and isotype switch of an otherwise
non-effective anti-CD39 mouse IgG1 into the afucosy-
lated mIgG2c format could impart this antibody, as com-
pared with the mIgG1/mIgG2c counterparts with wild-type
glycan, the strongest anti-tumor activities via mFcγ RIV-
mediated depletion of suppressive cells and inhibition of
angiogenesis in the tumor microenvironment (TME) [33].
Hence, antibody afucosylation can significantly increase
the therapeutic index, and reduce regimen dose-associated
costs and side effects in cancer treatment. It has been
proposed by the antibody therapeutics field that as long as
the MOA is via ADCC or ADCP, future therapeutic IgG1
antibodies should all be afucosylated [34].

FUT8 targeting in antibody-producing cells facilitated by
the use of fucose-binding lectins

The central piece of all the above successes is the tech-
nological ability to completely knock out the gene coding
for Fut8, the sole enzyme in the fucosyltransferase family
that catalyzes core fucosylation, i.e., the addition of α-1,6-
fucose to the innermost N-acetyl-D-glucosamine (GlcNAc)
residue of N-glycans (Fig. 1) [35]. Although the Japanese
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Figure 1. De novo and salvage pathways for GDP-L-fucose synthesis and core fucosylation by Fut8. GDP-L-fucose is generated in the cytosol by the more
dominant de novo pathway and the salvage pathway. In the de novo pathway, D-glucose or D-mannose is synthesized into GDP-mannose, which is further
transformed into GDP-L-fucose by GDP-mannose 4,6-dehydratase (GMD) and GDP-L-fucose synthase (also referred to as the FX protein, or more
formally, GDP-4-keto-6-deoxy-D-mannose-3,5-epimerase-4-reductase). In the salvage pathway, free L-fucose derived from extracellular or lysosomal
sources is reused and transformed by fucose kinase and GDP-fucose-pyrophosphorylase into GDP-L-fucose. In the Golgi apparatus, Fut8 transfers the
fucose residue from GDP-L-fucose onto the innermost GlcNAc of an N-glycan to form an α-1,6 linkage in the process of core fucosylation, as opposed
to terminal fucosylation (the addition of fucose to the terminal ends of glycans by other fucosyltransferases).

scientists first used the homologous recombination method
to generate FUT8−/− CHO cells, they had to spend 1.5 years
and screen >12 000 clones to finally obtain a CHO cell
line with double allele knockout of FUT8 [36]. Nowa-
days, knocking out FUT8 in CHO cells and in established
hybridoma cells with genome editing tools (TALEN or
CRISPR), coupled with negative selection with fucose-
binding lectins, can be achieved in merely a few weeks.
FUT8 deficiency does not adversely affect the growth char-
acteristics of CHO cell lines for antibody production, nor
the in vivo half-life and complement-dependent cytotoxicity
of the antibody products [36].

Traditionally, Lens culinaris agglutinin (LCA) has been
used as a fucose-binding lectin for negative enrichment of
FUT8−/− cells. The mature 245 aa LCA consists of α and
β chains folding together as one subunit, and two subunits
form into a dimer with a M.W. of 46 kDa [37]. LCA
shows affinity to the core-fucosylated, agalactosylated,
bi-antennary N-glycan (Ka = 1.1 × 105 M−1) [38]. More
recently, a novel lectin (PhoSL) from the mushroom
Pholiota squarrosa has been identified, which consists
of only 40 amino acids (APVPVTKLVCDGDTYKC-
TAYLDFGDGRWVAQWDTNVFHTG) [39]. PhoSL
binds exclusively to core α-1,6-fucosylated N-glycans
(Ka = 1.2–5.0 × 105 M−1) and not to other types of
fucosylated oligosaccharides, such as α-1,2-, α-1,3-, or α-1,
4-fucosylated glycans [39]. Unlike LCA that recognizes only
mono- and biantennary oligosaccharides, PhoSL binds not

only to mono- or biantennary oligosaccharides but also
to tri- or tetra-antennary oligosaccharides [39]. Our own
practice also confirmed that PhoSL fused with hIgG1 Fc or
mIgG2c Fc and expressed in FUT8−/− CHO cells is a potent
reagent for staining cell surface α-1,6-fucosylated glycans
(Supplementary Fig. 1), possibly due to its small size, sub-
strate linkage specificity, and broad antennary structural
profiles, as well as avidity enhancement by trimerization
[40]. Afucosylated recombinant PhoSL-Fc expressed in
FUT8−/− CHO cells has no non-specific binding to itself
(via the glycan moiety of the Fc). Therefore, it should have
wide applications as an essential reagent in monitoring cell
surface α-1,6-fucosylated glycans as a surrogate for cellular
Fut8 activities, as well as in detecting α-1,6-fucosylated
biomarkers in diseases, especially in tumorigenesis [41].

ROLE OF FUT8 IN IMMUNE MODULATION AND
CANCER DEVELOPMENT

Fut8 is widely expressed in mammalian tissues, but its
expression profile is altered under pathological conditions.
The upregulation of Fut8 mRNA, protein, and activity
in various human cancers, including liver [42, 43], lung
[44–46], breast [47–50], melanoma [51], colorectal [52–
54], ovarian [55, 56], prostate [57, 58], thyroid [59], and
pancreatic cancer [60] has been extensively reported. For
example, in breast cancer patients, high Fut8 protein
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expression is correlated with lymphatic metastasis and stage
status, whereas reduced Fut8 expression is correlated with
disease-free survival and favorable overall survival (OS)
[50]. A meta-analysis showed that lower Fut8 expression
level was associated with OS in non-small cell lung cancer
(NSCLC), breast cancer, diffuse large B cell lymphoma,
and glioma, and with disease-free survival in NSCLC,
breast cancer, and colorectal cancer, as well as with relapse-
free survival in pancreatic ductal adenocarcinoma [61]. In
terms of MOA, Fut8-mediated abnormal core fucosylation
could affect growth factor signaling and intercellular
communication, tumor cell–matrix interaction, migration,
invasion, and metastasis, as well as immune regulation.
Thus, manipulating Fut8 expression and activity could
become a novel strategy to synergize with the current
antibody-based cancer therapy.

Fut8 maintains high expression and protein stability of
immune checkpoint molecules

Immune checkpoint inhibitors (ICIs) targeting pro-
grammed cell death protein 1 (PD-1) or cytotoxic T
lymphocyte antigen-4 (CTLA-4), or both have revolution-
ized cancer therapy, and provided significant therapeutic
benefits for subsets of cancer patients [62], which ultimately
led to the 2018 Nobel Prize in Physiology or Medicine
jointly awarded to Drs James P. Allison and Tasuku
Honjo. In the era of antibody-based immunotherapy,
many biopharmaceutical companies strived to push for
their anti-PD-1, anti-PD-L1, anti-CTLA-4, and other ICIs
onto the market. However, systemic administration of
antagonist-type antibodies to block ligand engagement
usually requires high dosages in vivo, accompanied with
not only huge price tags but also oftentimes undesirable
immune-related adverse events, some of which are severe
and long-lasting [62, 63]. Current clinical trials are
focused on enhancing antitumor therapeutic index through
combinations of multiple ICIs and with chemotherapy that
can cause tumor cell death via different MOAs. Despite
all the success of ICI therapy, the basic mechanisms that
govern the high expression of the inhibitory receptors on
chronically activated T cells and on tumor cells remain to
be elucidated. For instance, to date, most published papers
studied PD-1 regulation mainly at the transcriptional level,
and there were few studies focusing on PD-1 glycosylation,
which may regulate its expression and function [64].

By using CRISPR-mediated gene knockout, Okada
et al. reported that genes regulating the core fucosylation
pathway are required for the expression of PD-1 [64]. In the
murine PD-1 extracellular domain, all four N-glycosylation
sites are highly core-fucosylated, but N49 and N74 sites
are involved in the core fucosylation-dependent expression
of PD-1. The absence of core fucosylation significantly
enhances FBXO38 E3 ligase-mediated ubiquitination of
PD-1, leading to its degradation in the proteasome [65, 66].
Particularly, PD-1 down-modulation can be reproduced
solely by knocking out FUT8 [64]. Likewise, a metabolic
fucosylation inhibitor 2-fluoro-L-fucose (2F-Fuc) also
suppressed cell surface PD-1 expression, enhancing T cell
proliferation and cytokine production [64]. Furthermore,
blocking Fut8-dependent core fucosylation with 2F-Fuc

strengthened anti-tumor immunity in a B16-OVA tumor
model with adoptive transfer of OT-I anti-OVA CD8+ T
cells [64, 65]. Similarly, genetic ablation of Fut8 in OT-I
mice prevented the outgrowth of E.G7-OVA tumor cells by
activating CD8+ CTLs [65]. When clinical lung carcinoma
tissues were treated with Fut8 shRNA lentivirus, PD-1
expression detected by immunohistochemistry (IHC) was
significantly decreased upon Fut8 knockdown, whereas
granzyme B expression by IHC was dramatically increased
[65]. Taken together, results from different groups suggested
that inhibition of Fut8 could enhance CTL-mediated
cytotoxicity via downregulated PD-1 expression.

Like PD-1, PD-L1 and PD-L2 are also strongly core-
fucosylated [67, 68]. Their cell surface expression is strin-
gently regulated by glycosylation and ubiquitination [67–
69]. In lung adenocarcinoma, the level of core fucosy-
lation is highly associated with lung tumor T stage and
Tumor, Node, and Metastasis stage [65]. Simultaneous high
expression of both Fut8 and PD-L1 correlated significantly
with lower OS rate in lung adenocarcinoma patients [65].
Similarly, Fut8-mediated core fucosylation stabilizes PD-
L2 by blocking ubiquitin-dependent lysosomal degrada-
tion, promoting its binding to PD-1 for immune evasion
[68]. Therefore, it has been proposed that small-molecule
inhibitors and natural food compounds may be used to
target PD-1/PD-L1/2 glycosylation and ubiquitination, as
an alternative means of mAb-based ICIs to downregulate
PD-1/PD-L1/2 for cancer therapy [67–72].

Besides the immune checkpoint ligands of PD-1 (PD-
L1/2), B7 homolog 3 protein (B7-H3, or CD276) is also
an important immune checkpoint member of the B7 super-
family, and is preferentially expressed on a wide range of
human solid tumors, which often correlates with nega-
tive prognosis and poor clinical outcomes in patients [73].
For instance, B7-H3 is highly expressed in triple-negative
breast cancer patients, most of which are refractory to
conventional ICI therapies. Huang et al. reported that Fut8
catalyzes the core fucosylation of this heavily glycosylated
protein, and maintains its high expression [48]. Kaplan–
Meier survival analysis revealed that the OS of patients with
both Fut8highB7-H3high expression is significantly shorter
than that of patients with both Fut8lowB7-H3low expres-
sion [48]. Knockdown of Fut8 or using core fucosylation
inhibitor 2F-Fuc reversed B7-H3-mediated immunosup-
pression, enhanced T cell proliferation and activation, and
together with anti-PD-L1, improved the therapeutic effi-
cacy in B7-H3-positive TNBC tumors [48]. As current ICI
therapies are only effective in subsets of patients with cer-
tain types of cancer, down-modulation of immune check-
point molecules like PD-1/PD-L1/2, B7-H3, and possibil-
ity others through inhibiting Fut8 expression or activity
constitutes a novel strategy of ICI, and may synergize with
other approved ICIs.

Fut8 deregulates EGFR signaling, promotes a
pro-oncogenic TME, and drives cancer cell metastasis

Cancer-associated fibroblasts (CAFs) are one of the pro-
oncogenic components in the tumor stroma [74], and have
been reported to support tumor progression by a variety
of mechanisms [75]. Deregulated signaling of epidermal
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growth factor receptor (EGFR) has been observed in
CAFs of many types of cancers [76–78]. Li et al. reported
that Fut8-dependent EGFR core fucosylation enhances
the cancer-promoting capacity of CAFs in NSCLC
[46]. Fut8 is overexpressed in the CAFs of most lung
adenocarcinoma cases, and mediates high levels of EGFR
core fucosylation that is necessary for the cancer-promoting
capacity of CAFs [46]. In CAFs, downregulation of Fut8
by shRNA led to reduced phosphorylation of EGFR and
its downstream molecules such as ERK, AKT, and JAK,
resulting in delayed growth of inoculated A549 tumors in
nude mice [46].

Using a systems-based glycoproteomic analysis of
matched primary and metastatic melanoma samples,
Agrawal et al. identified 114 core-fucosylated membrane
proteins common to three metastatic melanoma cell
lines, most of which are involved in cell invasion and
migration [51]. Among them, neural cell adhesion molecule
L1 (L1CAM) was found to be a mediator of the pro-
invasive effects of Fut8. L1CAM is a highly glycosylated
protein known to regulate cell attachment, invasion, and
migration in several cancers [79]. Cleavage of L1CAM
by plasmin inhibits its ability to mediate cell invasion
and metastatic outgrowth [80]. Higher levels of L1CAM
cleavage were observed in Fut8-silenced cells, whereas Fut8
overexpression reduced L1CAM cleavage [51]. Thus, Fut8
drives cancer cell invasion and tumor metastasis, in part
due to reduced cleavage of core-fucosylated L1CAM [51].

Similar glycoproteomics analysis was performed on
two highly invasive breast cancer cell lines, and novel
Fut8 targets and signaling networks critical for breast
cancer cell invasiveness were identified [49]. Particularly,
core fucosylation of integrin αvβ5 might promote breast
cancer cell adhesion to vitronectin; and core fucosylation
of interleukin-6 cytokine family signal transducer (IL6ST)
could enhance cellular signaling to IL-6 and oncostatin M,
two cytokines implicated in the breast cancer epithelial–
mesenchymal transition (EMT) and metastasis [49]. In
support of this notion, Fut8 ablation in MDA-MB-
231 or Hs578T breast carcinoma cells significantly sup-
pressed their migration and invasiveness [49]. In addition,
heightened core fucosylation of TGF-β1 receptors (TGF-
βRI and TGF-βRII) was found to accelerate EMT
and promote breast cancer metastasis via E-cadherin
downregulation and vimentin upregulation [47]. FUT8 is
the only fucosyltransferase gene that is induced by TGF-
β1, representing a pathological feed-forward regulatory
mechanism linking Fut8 with EMT and breast cancer
metastasis [47].

Despite remarkable advances in ICIs that have gained
the FDA approval, outcomes for metastatic melanoma
patients remain poor. In TNBC, most patients do not
even respond to anti-PD-1/PD-L1 immunotherapy. Lack
of response, initial response followed by relapse with
treatment-refractory disease, and adverse side effects are
common occurrences [81]. Therefore, molecules in common
pathways essential for tumor metastasis, such as Fut8, are
potential new targets for the development of innovative
anti-cancer drugs. Table 1 summarizes Fut8-dependent
regulation of molecules involved in tumorigenesis and
resistance to cancer immunotherapy.

INHIBITION OF FUCOSYLATION AS A NEW
CANCER THERAPY

In the Golgi apparatus, Fut8 catalyzes core fucosylation
using guanosine 5′-diphospho-β-L-fucose (GDP-fucose) as
a fucose donor. GDP-fucose is generated in the cytosol by
two distinct pathways from L-fucose, i.e., the more dom-
inant de novo synthesis pathway and the salvage pathway
(Fig. 1). The de novo pathway accounts for 90% of GDP-
fucose synthesis, whereas the salvage pathway utilizes free
fucose derived from extracellular or lysosomal sources to
synthesize GDP-fucose [82].

One strategy to develop fucosylation inhibitors is to
use L-fucose analogues to deplete cells of GDP-fucose,
which is used by all the fucosyltransferases to incorporate
fucose into cellular glycans via the salvage pathway.
Several analogues have shown inhibitory activities, e.g.,
2-fluorofucose (2F-Fuc), 5-alkynylfucose, and their cor-
responding peracetylated derivatives [83]. Among them,
2F-Fuc is orally bioavailable and exhibited significant in
vivo activities in inhibiting fucosylation of endogenously
produced antibodies, afforded complete protection from
tumor engraftment in a syngeneic tumor vaccine model,
and delayed the outgrowth of tumor xenografts in immune-
deficient mice [80], as well as in various other mouse
tumor models [47, 84, 85]. Multiple MOAs, directly and
indirectly on immune cells, tumor cells, and TME are
involved. Besides the generation of afucosylated antibodies
directly in vivo for enhanced ADCC/ADCP, adoptive
transfer of T cells from inhibitor-treated tumor-bearing
mice to untreated tumor-bearing mice was sufficient
to delay tumor growth, suggesting enhanced T cell-
mediated cellular immunity against tumor after inhibition
of fucosylation [86]. In addition, diminished cell surface
fucosylation reduced neutrophil extravasation from the
bloodstream into the extravascular space [86], as fucose-
containing polysaccharide sialyl-Lewis X (sLeX) on circu-
lating neutrophils mediates binding to E-selectin (CD62)
and P-selectin (CD62P) on endothelial cell membranes
for extravasation [87]. Neutrophil counts in circulation
were significantly increased in six of seven inhibitor-
treated subjects [83]. In a First-In-Human, First-In-Class,
Phase I trial of patients with advanced solid tumors, the
fucosylation inhibitor SGN-2FF demonstrated proof-
of-mechanism and preliminary antitumor activity but
was associated with thromboembolic events leading to
study termination [88]. More recently, newer inhibitors
have been developed. For instance, A2FF1P and B2FF1P
have four to seven times higher potency than SGN-2FF,
possibly due to better retainment inside the cell, and more
efficient conversion of GDP-Fuc2F [89]. The two inhibitors
Fucotrim I and Fucotrim II were also reported to be more
potent than SGN-2FF [90]. As fucosylation is part of the
house-keeping glycosylation process, too-high doses or too-
long treatment with fucosylation inhibitors will certainly
have side effects. For cancer therapy, proper drug doses and
treatment window are critical to achieve the best outcomes.
The safety profiles of these new inhibitors await further
clinical trials.

As all fucosyltransferases use GDP-fucose as a sub-
strate, it should be anticipated that fucose-containing
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Table 1. Correlation of higher Fut8 expression/activity with increase in levels of molecules involved in tumorigenesis and resistance to
cancer immunotherapy

Molecules Mechanims via Fut8-dependent core fucosylation References

Immune-checkpoints PD-1 ↑ Prevents ubiquitin-mediated degradation in proteasome [64–66]
PD-L1 ↑ Prevents ubiquitin-mediated degradation in proteasome [67, 69, 70]
PD-L2 ↑ Prevents ubiquitin-mediated degradation in proteasome [68]
B7-H3 ↑ Prevents ubiquitin-mediated degradation in proteasome [48]

Growth factors EGFR ↑ Enhances the cancer-promoting capacity of CAFs [46]
TGF-βRI/II ↑ Accelerates EMT and promote metastasis [47]

Adhesion & signaling
molecules

L1CAM ↑ Blocks the cleavage of L1CAM by plasmin [51]
integrin αvβ5 ↑ Promotes cancer cell adhesion to vitronectin [49]
IL6ST ↑ Enhances cellular signaling to IL-6 and oncostatin M, and

promotes EMT and metastasis
[49]

↑ indicates increase either in protein levels or activities. EMT: epithelial–mesenchymal transition.

glycans other than the α-(1,6) fucosyl linkage would also
be inhibited by these first-generation inhibitors. Future
generations of fucosylation inhibitors most likely would
need to be more tumor-specific, for example, targeting
Fut8 and core fucosylation. Recent advances in deciphering
the crystal structure of human Fut8 enzyme in complex
with GDP and a biantennary complex N-glycan (G0)
(PDB: 6TKV) have provided a structural basis for the
rational design of small inhibitors blocking the enzymatic
activity of Fut8 [91–93]. Fut8 inhibitor monotherapy
and in combination with other ICIs for cancer treat-
ment would be exciting areas to explore in the coming
years.

CONCLUSION AND FUTURE PERSPECTIVE

As illustrated (Fig. 2), inhibition of fucosylation in gen-
eral, and Fut8-dependent core fucosylation in particular,
has the potential to enhance immune-mediated antitumor
activity through modulation of both antibody-dependent
cell-mediated cytotoxic responses and cell-mediated anti-
tumor immunity across a broad range of cancers. This
strategy also aims to restore proper tissue homeostasis and
keep cancerous cells in check by reducing their metastatic
potential.

Although we did not touch in great details in this review
on the roles of fucosylated biomarkers for cancer diagnosis
and immunotherapy monitoring, this topic is yet another
uncharted area that knowledge and reagents centered on
modulating fucosylation and their catalyzing enzymes can
contribute to cancer treatment. For instance, the level of
core fucosylation of N-glycan in α-fetoprotein increases
in hepatocellular carcinomas and carcinoma metastatic to
the liver, but not in benign liver diseases, such as acute
viral hepatitis, chronic hepatitis, or liver cirrhosis [94].
In another example, fucosylated α1-acid glycoprotein can
serve as a biomarker to predict prognosis following tumor
immunotherapy of cancer patients [95, 96]. Interested
readers are advised to refer to the two excellent reviews
on this topic [41, 97].

After decades of tumbling for the right strategy in
cancer treatment, the recent success of immunotherapy

with ICIs owes much to the paradigm shift from immune
enhancement to immune normalization [98]. The concept
of immune normalization is explained using proper flow
and drainage of a pipe as an analogy for the antitumor
immune response. When there is a blockage and insufficient
flow of the pipe (antitumor immune responses), the
immune enhancement approach is to increase the pressure
of the flow with the risk of breaking the pipe (adverse
effects). In contrast, the immune normalization approach
is to unblock the pipe and restore the flow [98]. Similarly,
aberrant glycosylation associated with cancer development,
exemplified by heightened fucosylation in tumor sites
and accompanied fucosylated biomarkers [41, 97], signals
various forms of “pipe blockage”. Strategies targeting
aberrant fucosylation, and especially the Fut8 enzyme,
are to “decongest the pipe” and normalize the antitumor
immune responses.

In terms of the modalities of targeting drugs, small
chemical inhibitors or natural compounds that inhibit
Fut8 enzymatic activities are relatively easy to develop
or screen against, but their safety profiles and effects
on the cellular fucosylation in normal tissues should be
carefully weighed. Fut8 is a type II transmembrane protein
mainly localized in the Golgi, but it is also found to be
partially displayed on the cell surface [99], due to mem-
brane trafficking. This opens the possibility of antibody-
mediated, tumor site-specific targeting of cell surface Fut8
for lysosomal degradation [100] or trogocytosis, both of
which can effectively reduce the cell surface protein content.
Interestingly, for the latter strategy, compared with the
wild-type antibody, afucosylated antibody demonstrates
much higher trogocytosis activities through the activating
Fcγ Rs [33].

Started from about two decades ago in the seminal
work of ablating its gene in antibody-producing cells for
enhanced effector functions of therapeutic IgG1 antibodies
[36], Fut8 has now transited from a supporting role in the
grand drama of cancer immunotherapy to being a rising
star entering the center of the stage. Undoubtedly, more
synergies toward immune normalization are expected by
fucosylation/Fut8 inhibitors and ICIs in cancer treatment
in the near future.
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Figure 2. Pro-oncogenic mechanisms by Fut8-driven aberrant core fucosylation in cancer development, and their reversion by Fut8 inhibition. (Upper
panel) Enhanced Fut8 expression and activities in TME inhibits T cell activation, drives cancer cell proliferation, EMT, and metastasis in multiple
pathways. Core fucosylation on immune checkpoint molecules PD-1/L1/2 and B7-H3 stabilizes their protein expression by dampening ubiquitin-mediated
degradation. T cells in the TME are thus more suppressed via inhibitory signals from PD-1 and an unknown receptor for B7-H3. On the cancer cell
side, heightened core fucosylation on TGF-β1 receptors, integrin αvβ5 and IL6ST, for example, allows transmission of stronger signals for cancer cell
growth, adhesion, and EMT. Higher levels of core fucosylation on L1CAM, which regulates cell attachment, invasion, and migration, protect the molecule
from plasmin-mediated cleavage and promote cancer cell invasion and metastatic outgrowth. Although hosts may develop antibodies (Abs) recognizing
tumor-associated antigens (TAA), their ADCC/ADCP activities are restricted by the core fucose on the N-glycan of the Abs. On CAFs, Fut8-dependent
EGFR core fucosylation enhances the cancer-promoting capacity of CAFs by increased activation of ERK, AKT, and JAK pathways downstream of
EGFR phosphorylation. (Lower panel) Upon Fut8 inhibition with genetic ablation, shRNA interference, or via pharmacological inhibitors, the above
pro-oncogenic signaling can be reversed. Reduced core fucosylation leads to more degradation of PD-1/L1/2 and B7-H3, favoring T cell activation with
more secretion of cytokines and granzyme B for direct cancer cell lysis. Afucosylated Abs can exert higher ADCC/ADCP activities against cancer cells.
Reduced core fucosylation on TGF-β1 receptors, integrin αvβ5, IL6ST, L1CAM, and EGFR also leads to less cancer cell growth, EMT, and metastasis
through various signaling pathways.
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