
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Dainius Characiejus,
Vilnius University, Lithuania

REVIEWED BY

Jörg Wischhusen,
University Hospital Würzburg, Germany
Jackwee Lim,
Singapore Immunology Network (A*STAR),
Singapore

*CORRESPONDENCE

Lenneke A. M. Cornelissen

Lenneke.Cornelissen@radboudumc.nl

RECEIVED 29 March 2024
ACCEPTED 21 May 2024

PUBLISHED 31 May 2024

CITATION

Schuurmans F, Wagemans KE, Adema GJ and
Cornelissen LAM (2024) Tumor glucose
metabolism and the T cell glycocalyx:
implication for T cell function.
Front. Immunol. 15:1409238.
doi: 10.3389/fimmu.2024.1409238

COPYRIGHT

© 2024 Schuurmans, Wagemans, Adema and
Cornelissen. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 31 May 2024

DOI 10.3389/fimmu.2024.1409238
Tumor glucose metabolism and
the T cell glycocalyx: implication
for T cell function
Fabian Schuurmans, Kyra E. Wagemans, Gosse J. Adema
and Lenneke A. M. Cornelissen*

Radiotherapy and OncoImmunology Laboratory, Department of Radiation Oncology, Radboud
University Medical Center, Nijmegen, Netherlands
The T cell is an immune cell subset highly effective in eliminating cancer cells.

Cancer immunotherapy empowers T cells and occupies a solid position in cancer

treatment. The response rate, however, remains relatively low (<30%). The

efficacy of immunotherapy is highly dependent on T cell infiltration into the

tumor microenvironment (TME) and the ability of these infiltrated T cells to

sustain their function within the TME. A better understanding of the inhibitory

impact of the TME on T cells is crucial to improve cancer immunotherapy. Tumor

cells are well described for their switch into aerobic glycolysis (Warburg effect),

resulting in high glucose consumption and a metabolically distinct TME.

Conversely, glycosylation, a predominant posttranslational modification of

proteins, also relies on glucose molecules. Proper glycosylation of T cell

receptors influences the immunological synapse between T cells and tumor

cells, thereby affecting T cell effector functions including their cytolytic and

cytostatic activities. This review delves into the complex interplay between tumor

glucose metabolism and the glycocalyx of T cells, shedding light on how the TME

can induce alterations in the T cell glycocalyx, which can subsequently influence

the T cell’s ability to target and eliminate tumor cells.
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1 Immunotherapy to reinvigorate T cell
effector functions

The T cell is an immune cell subset highly effective in eliminating cancer cells. Upon

priming by professional antigen presenting cells that present tumor (neo-)antigens, T cells

become activated and can recognize cancer cells. T cell activation induces rapid T cell

proliferation leading to the expansion of a population of T cells specifically targeting the

cancer cell (1). The resulting effector T cells can directly kill cancer cells by releasing

cytotoxic molecules such as perforin and granzymes, which induce programmed cell death
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through a multi-hit mechanism (2). Additionally, T cells can induce

apoptosis in cancer cells through interactions involving death

receptors and ligands, such as Fas ligands (FasL) binding to Fas

receptor on the surface of cancer cells (3). Furthermore, T cells can

release cytokines such as interferon-gamma (IFNy) and tumor

necrosis factor-alpha (TNFa), which have anti-tumor effects by

inducing permanent growth arrest, leading to their elimination and

promotion of inflammation (4).

Cancer cells evolve, however, mechanisms to evade T cell-

mediated killing. Immune checkpoints, both stimulatory and

inhibitory receptors, control and co-determine the functional

outcome of T cell effector responses (5, 6). Immune checkpoint

receptor/ligand pairs are present on a diverse set of cells where they

regulate the initiation and course of the immune response, which

otherwise can cause tissue damage or the development of

autoimmunity. Immune checkpoint therapy aims to release the

break and harness the body’s immune system to enhance its ability

to recognize and destroy cancer cells. The most targeted immune

checkpoints in the onco-immunology field are PD-1, PD-L1 and

CTLA-4. Monoclonal antibodies blocking these checkpoints interfere

with T cell feedback loops and empowers T cells to eliminate cancer

cells. Immune checkpoint therapy has shown significant clinical

benefit for subgroups of patients with different malignancies (7–

11), however, the overall response rate remains below 30% (12).

Next to immune checkpoint therapy, CAR T cell therapy

constitutes another form of immunotherapy within the field of

oncology. CAR T cell therapy involves genetically modifying a

patient’s T cell to express chimeric antigen receptors (CARs) that

target specific antigens on cancer cells including glycosylated

antigens (13–15). Such ex-vivo engineered CAR T cells are then

infused back into the patient, where they can target and kill cancer

cells expressing the corresponding antigen. CAR T cells therapy has

shown remarkable success especially in hematologic malignancies

(16). Despite is advancements, there are still many challenges and

questions to address regarding CAR T cell therapies. Factors such as

CAR T cell exhaustions and antigen escape contribute to treatment

resistance and the occurrence of adverse events highlight the

importance of monitoring and managing treatment-related

complications (17). As an example, hyperglycosylation of the

CAR T cell antigen CD19 directly inhibits CAR T cell effector

functions, leading to less T cell cytotoxicity (18). In solid tumors,

CAR T cell therapy has shown limited clinical efficacy due to factors

such as inadequate tumor infiltration and an immunosuppressive

tumor microenvironment (19).

T cell cytotoxicity requires multi-hit delivery to induce cell

death and in the absence of suppressive signaling, T cells are capable

to engage and eliminate multiple cancer cells successively (serial

killing). Hence the efficacy of cancer immunotherapy is not solely

dictated by T cell infiltration but also by the ability of the (CAR) T

cells to sustain their functions within the TME. Obtaining more

insights into the inhibitory impact of the TME on T cells is

indispensable to improve immunotherapy. A century ago, Otto

Heinrich Warburg noted a distinct contrast between the TME and

non-malignant tissues in terms of metabolism. Tumor cells exhibit

altered glucose metabolism, leading to high glucose consumption,
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which results in lactate production and acidification of the TME,

commonly known as the Warburg effect (20, 21).
2 Tumor metabolism

Tumor cells exhibit a heightened need for energy to sustain

their uncontrolled proliferation and to ensure survival. The

Warburg effect involves preferential use of glucose for aerobic

glycolysis even in the presence of oxygen. In non-cancerous

context, the Warburg effect is exploited by rapidly proliferating

cells. In tumor cells, the Warburg effect is a well-known metabolic

alteration to support their high proliferation rate (Figure 1). This

metabolic adaptation provides the tumor cells with energy, albeit

less efficiently in terms of ATP production than oxidative

phosphorylation (20). Tumor cells do favor aerobic glycolysis as it

allows for quick energy production, and it provides intermediates

that can be used for the biosynthesis of nucleotides, amino acids and

lipids, the building blocks for the synthesis of cellular components.

Moreover, the increased demand for Nicotinamide adenine

dinucleotide (NAD+) relative to ATP has been found to drive

aerobic glycolysis (22). NAD+ and its reduced forms (NADH,

NADP+ and NADPH) are essential redox metabolites in

numerous metabolic processes, acting as hybrid-accepting and

donating co-enzymes. The heightened glucose consumption by

tumor cells results in a competition for glucose between immune

cells and tumor cells and metabolically restricts infiltrating T cells.

Together facilitating tumor growth and progression (23). Moreover,

aerobic glycolysis culminates in the production of lactate, leading to

heightened lactate concentration in the TME when glycolysis is

increased. Lactate has been identified as an alternative energy

source for tumor cells, as exogenous lactate can serve as a

substrate for the tricarboxylic acid (TCA) cycle to fuel cancer

cells growth (24, 25). At the same time, lactate causes

extracellular acidification, which can facilitate tumor progression

by suppressing immune response and promoting tumor

invasion (26).

In addition to glucose, tumor cells can utilize glutamine as an

alternative energy source. Similarly, the altered glutamine

metabolism leads to a reduction in the availability of this essential

nutrient for immune cells. The competition for glutamine can

impair the function of immune cells, impacting their ability to

mount an effective anti-tumor immune response (27). Moreover,

tumor cells can switch to lipid metabolism as an alternative source

of energy and building materials. Lipid metabolic reprogramming

not only supports tumor development, it also modifies the TME by

affecting the recruitment, function and survival of infiltrating

immune cells (28). Fatty acids are involved in membrane

proliferation (29) and can be secreted by the tumor cell to

influence the functioning of immune cells (30).

Collectively, the TME displays metabolic abnormalities in

comparison to healthy tissue. Research has demonstrated that

competition for energy and nutrients hampers immunity. In

addition, tumor metabolites affect the efficacy of immune cells,

exerting a direct immunosuppressive effect on immune cells (31).
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The scope of this review is on tumor glucose metabolism and its

impact on local T cell glycosylation and function.
3 The glucose metabolism pathway
and glycosylation biosynthesis
are intertwined

Tumor cells utilize high amounts of glucose and glutamine via

aerobic glycolysis. These glucose and glutamine molecules, however,

are also consumed by the metabolic hexosamine biosynthesis pathway

(HBP) in the cytoplasm of the cell. The HBP converts glucose or

glutamine to UPD-N-acetylglucosamine (UPD-GlcNAc) via a six-step

pathway that shares the first two steps with glycolysis (Figure 1). UDP-

GlcNAc is one of the essential intermediates for glycosylation, hence

HBP plays a significant role in regulating glycosylation. For instance,

low levels of glucose have been observed to reduce the availability of

glycosylation precursors in expression systems such as CHO cells.

Consequently leading to more non-glycosylated proteins produced by

these CHO cells (32). In contrast, supplementation of glucose to

primary murine T cell cultures changed the glycosylation profile of the

T cells with functional consequences. Specifically, the attachment of

b1,6-GlcNAc-branched N-glycans to cell surface glycoproteins

negatively regulated T cell receptor clustering and signaling at the

immune synapse (33), an essential interface between cells needed for

proper activation of naïve T cell as well as the ability of effector T cells

to kill tumor cells.
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Glycosylation is the process of covalently attaching

monosaccharides to other monosaccharides, proteins, and lipids,

creating a wide repertoire of cellular glycans, collectively referred to

as the glycome. There are ten monosaccharide building blocks,

which can be modified via phosphorylation, sulfation or acetylation.

Unlike DNA/RNA transcription, glycosylation is a non-template

driven process and regulated via a wide variety of enzymes (34). The

product of HBP, UDP-GlcNAc, serves as a substrate of O-GlcNAc

transferases (OGT). OGT catalyzes the attachment of a GlcNAc

through an O-glycosidic linkage to a serine (Ser) or threonine (Thr)

residues on intracellular proteins. A delicate on/off competition

mechanism between O-GlcNAcylation and phosphorylation takes

place on either the same or adjacent Ser/Thr residues. This on/off

mechanism regulates the interactions, stability, subcellular

localization, and enzymatic activity of shared target proteins

involved in essential biological processes (35). Unlike extracellular

glycosylation, O-GlcNAc is not elongated with monosaccharides to

generate more complex glycan structures. In addition to O-

GlcNAcylation, UDP-GlcNAc serves as a crucial precursor for the

biosynthesis of monosaccharides such as UDP-GalNAc and CMP-

Neu5Ac that are often utilized in N-linked and O-linked

glycosylation processes (36). Once located at the cell membrane,

extracellular glycosylation can be further modified by soluble glycan

modifying enzymes including glycosidases and sulfatases (37). It

has been described that extrinsic sialyltransferases and glycan

substrates, supplied among others by platelets, can modify glycan

structures present on cell membranes (38–40). Moreover, monocyte

differentiation results in up-regulation of neuraminidase 1 (Neu1)
FIGURE 1

The preferential use of aerobic glycolysis by tumor cells and its relationship with glycosylation. The reliance of tumor cells on aerobic glycolysis,
rather than oxidative phosphorylation, leads to heightened lactate production from glucose metabolism. This preference for aerobic glycolysis is
associated with the hexosamine biosynthesis pathway (HBP), which shares the initial steps of glucose metabolism. The HBP is pivotal in protein and
lipid glycosylation, thereby establish a significant interconnection between glycosylation and glucose metabolism.
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that activates phagocytoses in macrophages and dendritic cells via

desialylation of surface receptors (41, 42).

As glycans coat the surface of cells, this posttranslational

modification is important in the development of all living

organisms (43). The tree-like layer composed of glycans on the

outer cell membrane is known as the glycocalyx. The specific

biochemical composition of the glycocalyx is unique for each cell

type (44). Glycans highly impact protein functions and are

consequently involved in numerous biological processes including

cell adhesion, signal transduction, receptor retention and

endocytosis of molecules. In the context of cancer, glycans are

implicated in cell invasion, regulation of vascular permeability,

immune modulation, and cancer metastasis (45). Given the

immunosuppressive impact of tumor metabolites, it is plausible

that the interconnected metabolic and glycosylation biosynthesis

pathways may contribute to these cancer phenomena. This remains,

however, still a largely unexplored research area.
4 The tumor glycocalyx

Tumor cells are well described to have a different glycocalyx

composition when compared to their healthy counterparts (46, 47).

This aberrant tumor glycosylation profile has been related to the

acquisition of hallmarks of cancer (48) and consequently, associated

with patient outcomes. For instance, Jiang et al. (49) demonstrate

that the expression of aberrant O-glycans, including the Tn antigen,

in colorectal cancer is linked to tumor metastatic potential and poor

prognosis. More recently, Sun et al. (50) identified a glycosylation

signature for predicting the progression and immunotherapeutic

response of prostate cancer, emphasizing the role of glycosylation in

disease advancement and treatment outcomes.

The aberrant glycosylation profile of tumor cells is affected by

various factors, including alterations in glycosyltransferase

expression levels and changes in the availability of glycan

substrates within the TME (51). Changes in cellular metabolic

status can contribute to changes in the availability of glycan

substrates, particularly through modulation of the HBP (52).

Hyperglycemia, for instance, has been associated with

exacerbating colon cancer malignancy through the HBP,

indicating a direct relationship between glucose metabolism, HBP,

and tumor progression (53, 54). Moreover, hypoxia, a common

feature of the TME, has been associated with alterations in

glycosylation patterns in cancer cells. Hypoxia-driven changes in

glycosylation can impact cell migration and invasion, contribution

to tumor aggressiveness (55).

The aberrant glycosylation profile of tumors cells impacts the

interaction of tumor cells with the immune system within the TME

(56–59). As an example, the aberrant O-linked glycosylation of

MUC1 in carcinomas can alter the interaction of MUC1 with glycan

binding receptors, consequently affecting the tumor-immune

interplay (60). How alterations in tumor glycosylation affects

tumor immunity, has comprehensively reviewed by others and is

not the scope of this review (61–64).

Besides tumor-immune interactions, the tumor glycocalyx has

also been described to be involved in the regulation of tumor cell
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proliferation. A cytostatic effect on tumor cells refers to the

inhibition of cell proliferation without inducing cell death. This

effect is crucial in cancer treatment as it aims to halt the growth and

spread of tumors. Several reports propose that tumor glycoproteins

may play a role in the outcome of cytostatic effects on tumor cells.

The P-glycoprotein (P-gp) is a glycosylated transmembrane protein

that acts as a multidrug transporter and reported to play a crucial

role in multidrug resistance in cancer cells by actively removing

cytostatic drugs, including chemotherapy, from tumor cells (65, 66).

Whether glycosylation does impact the functionality of P-gp, has

not been explored. CD44, a cell surface adhesive glycoprotein, plays

a crucial role in tumorigenes. An increasing amount of literature

indicates CD44, and especially the CD44v isoforms, as a marker for

cancer stem cells. CD44 regulates cancer stemness, including self-

renewal and metastasis (67). Hou et al. demonstrated that N-

glycosylation of CD44 enhances its stability, consequently

promoting tumor cell proliferation (68). Beyond transmembrane

glycoproteins, intracellular O-GlcNAcylation has been linked to

tumor proliferation by modulating cellular pathways (47).

Inhibition of O-GlcNAcylation leads to accumulation of bladder

cancer cells in G0/G1 phase (69). Consequently, targeting O-

GlcNAcylation has been proposed to overcome cancer resistance

to therapies including cytostatic drugs (70).

Certain subsets of T cells, particularly the regulatory T cells, as

well as cancer cells are known to be able to produce transforming

growth factor beta (TGFb). TGFb is a cytokine that plays a complex

role in cancer progression. In certain contexts, TGFb generates a

population of cancer cells that reside in the G0/G1 phase with high

motility and metastatic potential (71, 72). Additionally, TGFb can

induce dormancy in cancer cells, underscoring its role in

maintaining quiescence in cancer cells (73). In the context of

tumor dormancy, changes in TGFb glycosylation could

potentially affect its ability to induce cell cycle arrest or promote a

quiescent state in cancer cells. Glycosylation alterations may

influence the interaction of TGFb with its receptors and

downstream effectors, leading to differential effect on cell

proliferation and dormancy (74). For instance, Sun et al. (75)

demonstrates that glycosylation of TGFb receptor II is

indispensable for proper TGFb signaling, which further promotes

cell cycle arrest-like traits in breast cancer. These studies illustrate

the cytostatic mechanism by which the immune system can affect

cancer cells and highlight the crucial role of glycosylation

alterations this process.
5 The T cell glycocalyx

Like the tumor cell, the T cell membrane is also covered with

glycan structures. The T cell glycocalyx co-regulates key

pathophysiological steps within T cell biology including T cell

development, activation and proliferation (76–79). Different kinds

of protein glycosylation including O-GlcNAcylation, fucosylation

and sialylation have been described to be involved in the different

stages of T cell development, from homing of T cell precursors to

the thymus, to selection and maturation of single positive CD4+ and

CD8+ T cells (34). The conserved Notch signaling pathway plays a
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major role in the initial commitment to the T cell lineage within the

thymus. Early thymocyte progenitors develop in the thymus from

their double negative (CD4- and CD8-) state into T cells via the

Notch pathway (80). The glycosylation profile of Notch receptors

has been shown to control Notch-dependent intracellular signal

transduction, stressing the relevance of glycosylation for T cell

development (81). For instance, N-acetylglucosaminyltransferases

modify Notch receptors and loss of these glycosyltransferases leads

to reduced binding of Notch to Delta-like ligands, altering the

frequencies of T cell subsets in the thymus (82). Mannose-restricted

thymocyte glycans were found to impair key developmental

checkpoints such as normal lineage choice, Treg cell generation

and T cell receptor (TCR) b-selection (83). Moreover, during

thymic development the reactivity of the TCR reactivity is tightly

regulated and influenced by its glycosylation pattern. De-sialylation

was found to enhance the sensitivity of mature T cells to low-affinity

TCR ligands or self-ligands (84). Similarly, the binding ability of

CD8 to MHC class I is decreased by enhanced T cell sialylation

upon T cell maturation during T cell development (85). This

underscores the significance of the T cell glycosylation machinery

during thymic development.

The process of T cell activation typically involves three main

signals. First, the TCR recognizes a specific antigen presented by

antigen-presenting cells (APC) in the context of MHC molecules.

Secondly, co-stimulatory molecules, such as CD28 on T cells and

CD80/86 on APCs reinforces T cell activation. The third signal is

obtained from cytokines released by the APC and surrounding cells

that influences the differentiation, proliferation, and effector

functions of the activated T cell. T cell activation leads to

exceptionally high rate of growth and proliferation. Activated T

cells rapidly upregulate their glucose uptake and glycolysis to fuel

the energetic and biosynthetic demands for rapid clonal expansion

(86). This includes generation of glycan-donor substrates required

for glycan biosynthesis that is needed for proper T cell function

(87). Moreover, TCR signaling induced by anti-CD3/CD28

monoclonal antibodies on T cells co-regulates mRNA expression

of multiple N-glycan processing enzymes including MGAT5 and

Golgi a-mannosidase enzymes, to promoteN-glycan branching and

formation of mature glycans (88). Involvement of glycosylation in T

cell activation and sustaining their effector functions is mainly byN-

glycosylation of the TCR, CD25 and co-stimulatory and -inhibitory

receptors (34, 81, 89). Glycans can play a stabilizing role in

complexes formed at the immunological synapse (34). For

instance, a deficiency in b1,6 N-acetylglucosaminyltransferase V

(MGAT5) enhances TCR clustering, resulting in a lower T cell

activation (76). MGAT5 initiates GlcNAc b1,6 N-glycan branching

(90). A deficiency in N-glycan branching results in lower presence

of N-acetylglucosamine, the ligand for galectins. Galectins are

known to modulate T cell proliferation and apoptosis (91) by

regulating TCR clustering and recruitment to the site of antigen

presentation. By removing galectin ligands, the threshold for T cell

activation is lowered. The absence of MgatV has then also been

associated with increased susceptibility for autoimmune disease

(76). Opposingly, when inhibiting N-glycosylation by point

mutations in N-glycosylation sites of CD28, CD28 showed an

increased binding to CD80, leading to enhanced CD28 signaling
Frontiers in Immunology 05
activity (92). Collectively, N-glycosylation is profoundly involved in

T cell activation and its impact is significantly determined by

inhibiting the whole N-glycosylation machinery versus inhibition

of N-glycosylation on specified T cell glycoproteins.

Besides T cell biology, the glycans on the T cell surface serve as

signals for glycan binding proteins (GBPs). GBPs are widely express

among a diverse set of immune cells, thereby regulating the immune

response. The three main types of GBPs are galectins, Sialic acid-

binding immunoglobulin-type lectins (Siglecs) and C-type lectins

(93). The GBPs and their immune regulatory roles are highly

diverse and complex (43, 93, 94). For example, Galectin-1 is pro-

tumorigenic and proangiogenic in tumor progression. Tumor

secreted Galectin-1 has immunosuppressive effects and serves as

an important marker in diagnosis, prognosis, and treatment of

cancer (34, 95, 96). Moreover, Galectin-1 was found to negatively

influence the proliferation of CD8+ T cells and therefore affect

antitumor immunity (97). One of the targets of Galectin-1 is the

CD45 receptor on T cells. CD43 and CD45 are highly abundant

glycoproteins on the T cell surface and are decorated with O- and

N-glycans, regulating their function and binding. For instance,

sialylation of CD45 was shown to inhibit Galectin-1-induced

clustering, an initial step in Galectin-1 mediated cell death (98).

This indicates that CD45 glycosylation can control T cell

susceptibility to cell death (99).

Collectively, glycans serve as regulators of T cell biology, exerting

significant influence on the immunological synapse, including

interactions between T cells and tumor cells. Therefore, the T cell

glycocalyx represents as a target to improve anti-tumor T cell immunity.
6 The influence of the TME on T cell
functions via the T cell glycocalyx

The efficacy of T cells in inducing cancer cell arrest and

elimination relies heavily on their ability to sustain functional

within the TME. The TME can, however, induce T cell

exhaustion and senescence, leading to altered differentiation and

hypofunctional status of T cells (100, 101). Persistent antigen

presentation in the TME can be associated with the induction of

T cell dysfunctions, resulting in an exhausted state (101). Exhausted

T cells typically exhibit heightened expression of inhibitory

receptors, reduced effector cytokine production, and impaired

cytolytic activity. Besides prolonged exposure to antigen,

metabolites present in the TME can also influence T cell function.

Elevated lactate levels, for instance, have been shown to suppress the

anti-tumor activity of T cells by increasing the accumulation of H+

ions and maintaining a low pH environment (102, 103). In general,

the functional outcome of T cells is co-determined by the activation

of stimulatory and inhibitory receptors on T cells. The majority of

these immune receptors are glycosylated (89, 104). The

glycosylation pattern can influence the receptor’s stability, ligand

binding affinity (105, 106), and recognition by therapeutic

monoclonal antibodies, thus affecting their anti-tumor efficacy

(107, 108). Moreover, the glycosylation machinery of a cell is

dynamic and reflects the functional state of a cell. As an example,

T cells present in PBMCs isolated at time of SARS-Cov-2 diagnoses
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(within 72h of positive PCR SARS-Cov-2 test) displayed an altered

glycosylation profile when compared to healthy controls (109). A

metabolic altered TME could similarly cause alterations in the T cell

glycocalyx with possibly functional consequences.

Recent studies report on how N-glycosylation can directly

interfere with T cell function within the TME. Malignant ascites

fluid obtained from ovarian cancer patients, inhibited glucose

uptake by CD4+ T cells and resulted in N-linked glycosylation

defects. The loss of fully N-glycosylated proteins suppressed

mitochondrial activity and IFNg production by the CD4+ T cells.

Restoration of N-linked glycosylation enhanced mitochondrial

respiration again in CD4+ T cells exposed to malignant ovarian

ascites (110). In addition to CD4+ T cells, Kim et al. (111)

demonstrated that deficient N-glycosylation impairs IFNg
mediated effector function also in tumor-infiltrating CD8+ T cells,

impacting the anti-tumor immune response. Mechanistically,

tumor infiltrating and exhausted CD8+ T cells downregulate the

oligosaccharyltransferase (OST) complex. The OST complex

catalyzes the attachment of precursor N-glycans to nascent target

proteins in the endoplasmic reticulum (ER). OST complex is

therefore indispensable for the N-glycosylation pathway.

Interestingly, restoration of the OST complex complemented N-

glycosylation that restored the IFNg production and alleviated

CD8+ T cell exhaustion, consequently resulting in reduced tumor

growth in preclinical models (111).

T cell proliferation and activation is dependent on the

competitive binding of CTLA-4 or CD28 on the T cell to the

CD80/86 ligand on an APC. When CTLA-4 binds CD80/86 instead
Frontiers in Immunology 06
of CD28, T cell proliferation is inhibited (112). Increased CTLA-4

glycan branching retains CTLA-4 on the cell surface, suppressing T

cell activation (88). Upon activation, T cell upregulate PD-1. Upon

binding of PD-1 to its ligand, PD-L1, the glycolysis metabolism is

attenuated, limiting the energy supply, and impeding the

differentiation into effector T cells (113). This binding also

induces protumor genic rapamycin (mTOR) signaling, reactive

oxygen species (ROS) production and mitochondrial respiration

(114). These processes all exert negative effects on T cell activity and

cytotoxicity. Immune checkpoint proteins including CTLA-4 and

PD-1 are glycosylated, which can be crucial for their function (89).

PD-1 contains four N-glycosylation sites that are critical for

maintaining PD-1 membrane expression (105). Inhibition of core

fucosylation enhanced the ubiquitination of PD-1, leading to PD-1

degradation by the proteasome (115). Also, glycosylation of PD-1

impacts the binding to its ligand PD-L1 (105). Similarly,

recognition of PD-1 by the anti-PD-1 blocking antibody

Camrelizumab used for the treatment of relapsed or refractory

classical Hodgkin lymphoma (116) is affected by PD-1 glycosylation

(108). Whether changes in glycosylation of immune checkpoints

occur within the tumor microenvironment has, however, not

extensively been researched. First studies show that elevated

glycosylation on tumor cells results in overexpression of PD-L1,

therefore increasing its immunosuppressive activity (106, 117).

However, whether the TME can affect PD-1 glycosylation remains

largely unstudied.

Glyco-metabolism changes could possibly also indirectly impact

T cell function by affecting glycans on extracellular matrix (ECM)
FIGURE 2

The complex interplay between the tumor microenvironment and the T cell glycocalyx. Activated T cells rapidly increase their glucose uptake to fuel
their energetic demands. The tumor microenvironment (TME), however, is deprived from nutrients including glucose. The TME can induce T cell
exhaustion and senescence. Although glycolysis and glycan biosynthesis pathways are highly interconnected, it remains unknown how TME factors
affect T cell effector functions through changes in glycan biosynthesis of T cells. glucose transporter (GLUT), b1,6 N-acetylglucosaminyltransferase V
(MGAT5), oligosaccharyltransferase (OST), interferon gamma (IFNg), T cell receptor (TCR).
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components in the TME and hence binding of secreted factors such

as immunomodulatory cytokines and chemokines. IL-2, TGFb and

IFNg are for instance known to bind the ECM glycosaminoglycans

such as heparin sulfate and this binding modulates the biological

activity of these cytokines (118–120).

In summary, the T cell glycocalyx is indispensable for proper T

cell activation and effector functions (Figure 2). Glycan biosynthesis

requires glucose molecules, yet the levels of glucose in the TME are

significantly lower compared to those in non-malignant tissue. To

gain a deeper understanding of how the TME impacts T cell

biology, future research should encompass the influence of the

TME on the T cell glycocalyx, potentially leading to T cell

dysfunction (see ‘?’, Figure 2).
7 Conclusion & Future perspectives

The onco-immunology field has witnessed significant

advancements, in part driven by immunotherapies such as immune

checkpoint and CAR T cell therapy. Although immunotherapies have

demonstrated clinical success, T cell infiltration alone does not

determine efficacy. Tumor cells exhibit altered metabolism, notably

the Warburg effect, impacting glucose consumption and lactate

production, thereby fostering a metabolically restricted TME. This

influences the competition for glucose and other nutrients between

tumor and immune cells. Most of the proteins expressed on T cells

require glycosylation to function properly. The competition for glucose

might have a direct effect on the glycosylation profile of T cell proteins

and consequently affecting T cell effector functions. The key question

that now arises is: How exactly does the TME influence the T cell

glycocalyx and can this be linked with T cell functioning? There is

evidence that T cells are exhausted inside the TME because of glucose-

restriction, hypoxia, and elevated lactate levels, but can this be linked

with an altered glycosylation machinery within the T cell?

Collectively, understanding the intricate connection between tumor

glucose metabolism, the T cell glycocalyx and T cell biology will provide

new insights for advancing immune checkpoint and adoptive (CAR) T cell

immunotherapy. Targeting these interconnected pathways may provide

new avenues for enhancing therapeutic efficacy and overcoming challenges

in the rapidly evolving landscape of onco-immunology.
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32. Villacrés C, Tayi VS, Lattová E, Perreault H, Butler M. Low glucose depletes
glycan precursors, reduces site occupancy and galactosylation of a monoclonal
antibody in CHO cell culture. Biotechnol J. (2015) 10:1051–66. doi: 10.1002/
biot.201400662

33. Grigorian A, Lee SU, Tian W, Chen IJ, Gao G, Mendelsohn R, et al. Control of T
cell-mediated autoimmunity by metabolite flux to N-glycan biosynthesis. J Biol Chem.
(2007) 282:20027–35. doi: 10.1074/jbc.M701890200

34. De Bousser E, Meuris L, Callewaert N, Festjens N. Human T cell glycosylation
and implications on immune therapy for cancer.Hum Vaccines Immunother. (2020) 16
(10):2374–88. doi: 10.1080/21645515.2020.1730658

35. van der Laarse SAM, Leney AC, Heck AJR. Crosstalk between phosphorylation
and O-GlcNAcylation: friend or foe. FEBS J. (2018) 285:3152–67. doi: 10.1111/
febs.14491

36. Varki A, Cummings RD, Esko JD, Stanley P, Hart GW, Aebi M, et al. editors.
Essentials of Glycobiology [Internet]. 4th edition. Cold Spring Harbor (NY): Cold Spring
Harbor Laboratory Press. (2022). doi: 10.1101/978162182421
Frontiers in Immunology 08
37. Parker RB, Kohler JJ. Regulation of intracellular signaling by extracellular glycan
remodeling. ACS Chem Biol. (2010) 5:35. doi: 10.1021/cb9002514

38. Lee-Sundlov MM, Ashline DJ, Hanneman AJ, Grozovsky R, Reinhold VN,
Hoffmeister KM, et al. Circulating blood and platelets supply glycosyltransferases that
enableextrinsic extracellular glycosylation. Glycobiology. (2017) 27:188. doi: 10.1093/
glycob/cww108

39. Manhardt CT, Punch PR, Dougher CWL, Lau JTY. Extrinsic sialylation is
dynamically regulated by systemic triggers in vivo. J Biol Chem. (2017) 292:13514.
doi: 10.1074/jbc.C117.795138

40. Lee MM, Nasirikenari M, Manhardt CT, Ashline DJ, Hanneman AJ, Reinhold
VN, et al. Platelets support extracellular sialylation by supplying the sugar donor
substrate. J Biol Chem. (2014) 289:8742–8. doi: 10.1074/jbc.C113.546713

41. Seyrantepe V, Iannello A, Liang F, Kanshin E, Jayanth P, Samarani S, et al.
Regulation of phagocytosis in macrophages by neuraminidase 1. J Biol Chem. (2010)
285(1):206–15. doi: 10.1016/j.ymgme.2008.11.128

42. Liang F, Seyrantepe V, Landry K, Ahmad R, Ahmad A, Stamatos NM, et al.
Monocyte differentiation up-regulates the expression of the lysosomal sialidase, Neu1,
and triggers its targeting to the plasma membrane via major histocompatibility
complex class II-positive compartments. J Biol Chem. (2006) 281:27526–38.
doi: 10.1074/jbc.M605633200

43. Ohtsubo K, Marth JD. Glycosylation in cellular mechanisms of health and
disease. Cell. (2006) 126:855–67. doi: 10.1016/j.cell.2006.08.019

44. Reitsma S, Slaaf DW, Vink H, van Zandvoort MAMJ, oude Egbrink MGA. The
endothelial glycocalyx: composition, functions, and visualization

45. Cheng WK, Oon CE. How glycosylation aids tumor angiogenesis: An updated
review. BioMed Pharmacother. (2018) 103:1246–52. doi: 10.1016/j.biopha.2018.04.119

46. Brown Chandler K E, Costello C, Rahimi N. Glycosylation in the tumor
microenvironment: implications for tumor angiogenesis and metastasis. Cells. (2019)
8:544. doi: 10.3390/cells8060544

47. Stowell SR, Ju T, Cummings RD. Protein glycosylation in cancer. Annu Rev
Pathol Mech Dis. (2015) 10:473–510. doi: 10.1146/annurev-pathol-012414-040438

48. Munkley J, Elliott DJ, Munkley J, Elliott DJ. Hallmarks of glycosylation in cancer.
Oncotarget. (2016) 7:35478–89. doi: 10.18632/oncotarget.v7i23

49. Jiang Y, Liu Z, Xu F, Dong X, Cheng Y, Hu Y, et al. Aberrant O-glycosylation
contributes to tumorigenesis in human colorectal cancer. J Cell Mol Med. (2018) 22
(10):4875–85. doi: 10.1111/jcmm.13752

50. Sun K, Feng Z, Fan C, Min X, Zhang P, Xia L. A glycosylation signature for
predicting the progression and immunotherapeutic response of prostate cancer. J Gene
Med. (2023) 25(6):e3489. doi: 10.1002/jgm.3489

51. Hoessli DC, Micheau O, Todeschini AR, Vasconcelos-Dos-Santos A, Oliveira
IA, Lucena MC, et al. Biosynthetic machinery involved in aberrant glycosylation:
promising targets for developing of drugs against cancer. Front Oncol. (2015) 5:138.
doi: 10.3389/fonc.2015.00138

52. Lucena MC, Carvalho-Cruz P, Donadio JL, Oliveira IA, De Queiroz RM,
Marinho-Carvalho MM, et al. Epithelial mesenchymal transition induces aberrant
glycosylation through hexosamine biosynthetic pathway activation. J Biol Chem. (2016)
291:12917–29. doi: 10.1074/jbc.M116.729236

53. Vasconcelos-dos-Santos A, Loponte H, Mantuano N, Oliveira I, de Paula I,
Teixeira L, et al. Hyperglycemia exacerbates colon cancer Malignancy through
hexosamine biosynthetic pathway. Oncogenesis. (2017) 6:306. doi: 10.1038/
oncsis.2017.2

54. Tibullo D, Giallongo C, Romano A, Vicario N, Barbato A, Puglisi F, et al.
Mitochondrial functions, energy metabolism and protein glycosylation are
interconnected processes mediating resistance to bortezomib in multiple myeloma
cells. Biomolecules. (2020) 10:696. doi: 10.3390/biom10050696

55. Arriagada C, Silva P, Torres VA. Role of glycosylation in hypoxia-driven cell
migration and invasion. Cell Adh Migr. (2019) 13(1):13–22. doi: 10.1080/
19336918.2018.1491234

56. Cornelissen LAM, Blanas A, Zaal A, van der Horst JC, Kruijssen LJW, O’Toole
T, et al. Tn antigen expression contributes to an immune suppressive
microenvironment and drives tumor growth in colorectal cancer. Front Oncol.
(2020) 10:1–15. doi: 10.3389/fonc.2020.01622

57. Büll C, Boltje TJ, Balneger N, Weischer SM, Wassink M, Van Gemst JJ, et al.
Sialic acid blockade suppresses tumor growth by enhancing t-cell-mediated tumor
immunity. Cancer Res. (2018) 78:3574–88. doi: 10.1158/0008-5472.CAN-17-3376

58. R E, B K, B K, EL RJ, K L, B SCM, et al. Sialic acids in pancreatic cancer cells drive
tumour-associated macrophage differentiation via the Siglec receptors Siglec-7 and
Siglec-9. Nat Commun. (2021) 12(1):1270. doi: 10.1038/s41467-021-21550-4

59. Dusoswa SA, Verhoeff J, Abels E, Méndez-Huergo SP, Croci DO, Kuijper LH,
et al. Glioblastomas exploit truncated O-linked glycans for local and distant immune
modulation via the macrophage galactose-type lectin. Proc Natl Acad Sci U.S.A. (2020)
117:3693–703. doi: 10.1073/pnas.1907921117

60. Beatson R, Tajadura-Ortega V, Achkova D, Picco G, Tsourouktsoglou TD,
Klausing S, et al. The mucin MUC1 modulates the tumor immunological
microenvironment through engagement of the lectin Siglec-9. Nat Immunol. (2016)
17:1273–81. doi: 10.1038/ni.3552

61. van Houtum EJH, Büll C, Cornelissen LAM, Adema GJ. Siglec signaling in the
tumor microenvironment. Front Immunol. (2021) 12. doi: 10.3389/fimmu.2021.790317
frontiersin.org

https://doi.org/10.1158/1078-0432.CCR-13-0143
https://doi.org/10.4236/oji.2018.84007
https://doi.org/10.1093/glycob/cwy008
https://doi.org/10.2174/1389201019666180418095526
https://doi.org/10.2174/1389201019666180418095526
https://doi.org/10.1038/s41408&ndash;021-00459&ndash;7
https://doi.org/10.1172/JCI177160
https://doi.org/10.1097/CM9.0000000000002476
https://doi.org/10.1038/s41467-022-31035-7
https://doi.org/10.1002/mog2.40
https://doi.org/10.1007/s11033-015-3858-x
https://doi.org/10.3389/fonc.2020.00317
https://doi.org/10.3389/fonc.2020.00317
https://doi.org/10.1016/j.molcel.2020.12.012
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1172/JCI69741
https://doi.org/10.1186/s40170&ndash;019-0199&ndash;6
https://doi.org/10.1186/s40170&ndash;019-0199&ndash;6
https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.1186/s12964&ndash;022-00909&ndash;0
https://doi.org/10.1186/s12964&ndash;022-00909&ndash;0
https://doi.org/10.7150/thno.82920
https://doi.org/10.3389/fonc.2022.979565
https://doi.org/10.1002/mco2.27
https://doi.org/10.1002/mco2.27
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.1002/biot.201400662
https://doi.org/10.1002/biot.201400662
https://doi.org/10.1074/jbc.M701890200
https://doi.org/10.1080/21645515.2020.1730658
https://doi.org/10.1111/febs.14491
https://doi.org/10.1111/febs.14491
https://doi.org/10.1101/978162182421
https://doi.org/10.1021/cb9002514
https://doi.org/10.1093/glycob/cww108
https://doi.org/10.1093/glycob/cww108
https://doi.org/10.1074/jbc.C117.795138
https://doi.org/10.1074/jbc.C113.546713
https://doi.org/10.1016/j.ymgme.2008.11.128
https://doi.org/10.1074/jbc.M605633200
https://doi.org/10.1016/j.cell.2006.08.019
https://doi.org/10.1016/j.biopha.2018.04.119
https://doi.org/10.3390/cells8060544
https://doi.org/10.1146/annurev-pathol-012414-040438
https://doi.org/10.18632/oncotarget.v7i23
https://doi.org/10.1111/jcmm.13752
https://doi.org/10.1002/jgm.3489
https://doi.org/10.3389/fonc.2015.00138
https://doi.org/10.1074/jbc.M116.729236
https://doi.org/10.1038/oncsis.2017.2
https://doi.org/10.1038/oncsis.2017.2
https://doi.org/10.3390/biom10050696
https://doi.org/10.1080/19336918.2018.1491234
https://doi.org/10.1080/19336918.2018.1491234
https://doi.org/10.3389/fonc.2020.01622
https://doi.org/10.1158/0008-5472.CAN-17-3376
https://doi.org/10.1038/s41467-021-21550-4
https://doi.org/10.1073/pnas.1907921117
https://doi.org/10.1038/ni.3552
https://doi.org/10.3389/fimmu.2021.790317
https://doi.org/10.3389/fimmu.2024.1409238
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Schuurmans et al. 10.3389/fimmu.2024.1409238
62. van de Wall S, Santegoets KCM, van Houtum EJH, Büll C, Adema GJ.
Sialoglycans and siglecs can shape the tumor immune microenvironment. Trends
Immunol. (2020) 41(4):274–85. doi: 10.1016/j.it.2020.02.001

63. RodrI ́guez E, Schetters STT, van Kooyk Y. The tumour glyco-code as a novel
immune checkpoint for immunotherapy. Nat Rev Immunol. (2018) 18(3):204–11.
doi: 10.1038/nri.2018.3

64. Mantuano NR, Natoli M, Zippelius A, Läubli H. Tumor-associated
carbohydrates and immunomodulatory lectins as targets for cancer immunotherapy.
J Immunother Cancer. (2020) 8:e001222. doi: 10.1136/jitc-2020-001222

65. Ahmed Juvale II, Abdul Hamid AA, Abd Halim KB, Che Has AT. P-
glycoprotein: new insights into structure, physiological function, regulation and
alterations in disease. Heliyon. (2022) 8:e09777. doi: 10.1016/j.heliyon.2022.e09777

66. Lin JH, Yamazaki M. Clinical relevance of P-glycoprotein in drug therapy. Drug
Metab Rev. (2003) 35:417–54. doi: 10.1081/DMR-120026871

67. Wang L, Zuo X, Xie K, Wei D. The role of CD44 and cancer stem cells.Methods
Mol Biol. (2018) 1692:31–42. doi: 10.1007/978–1-4939–7401-6_3

68. Hou H, Ge C, Sun H, Li H, Li J, Tian H. Tunicamycin inhibits cell proliferation
and migration in hepatocellular carcinoma through suppression of CD44s and the
ERK1/2 pathway. Cancer Sci. (2018) 109:1088–100. doi: 10.1111/cas.13518

69. Wang L, Chen S, Zhang Z, Zhang J, Mao S, Zheng J, et al. Suppressed OGT
expression inhibits cell proliferation while inducing cell apoptosis in bladder cancer.
BMC Cancer. (2018) 18:1–12. doi: 10.1186/s12885-018-5033-y

70. Very N, El Yazidi-Belkoura I. Targeting O-GlcNAcylation to overcome
resistance to anti-cancer therapies. Front Oncol. (2022) 12:960312. doi: 10.3389/
fonc.2022.960312

71. Takahashi K, Podyma-Inoue KA, Saito M, Sakakitani S, Sugauchi A, Iida K, et al.
TGF-b generates a population of cancer cells residing in G1 phase with high motility
and metastatic potential via KRTAP2–3. Cell Rep. (2022) 40:111411. doi: 10.1016/
j.celrep.2022.111411

72. Majumdar A, Curley SA, Wu X, Brown P, Hwang JP, Shetty K, et al. Hepatic
stem cells and transforming growth factor b in hepatocellular carcinoma. Nat Rev
Gastroenterol Hepatol. (2012) 9(9):530–8. doi: 10.1038/nrgastro.2012.114

73. Ikushima H, Miyazono K. TGFb signalling: a complex web in cancer
progression. Nat Rev Cancer. (2010) 10:415–24. doi: 10.1038/nrc2853

74. Zhang J, ten Dijke P, Wuhrer M, Zhang T. Role of glycosylation in TGF-b
signaling and epithelial-to-mesenchymal transition in cancer. Protein Cell. (2021)
12:89–106. doi: 10.1007/s13238–020-00741–7

75. Sun X, He Z, Guo L, Wang C, Lin C, Ye L, et al. ALG3 contributes to stemness
and radioresistance through regulating glycosylation of TGF-b receptor II in breast
cancer. J Exp Clin Cancer Res. (2021) 40:1–26. doi: 10.1186/s13046-021-01932-8

76. Demetriou M, Granovsky M, Quaggin S, Dennis JW. Negative regulation of T-
cell activation and autoimmunity by Mgat5 N-glycosylation. Nat. (2001) 409:733–9.
doi: 10.1038/35055582

77. Swamy M, Pathak S, Grzes KM, Damerow S, Sinclair LV, Van Aalten DMF, et al.
Glucose and glutamine fuel protein O-GlcNAcylation to control T cell self-renewal and
Malignancy. Nat Immunol. (2016) 17:712–20. doi: 10.1038/ni.3439

78. Rossi FMV, Corbel SY, Merzaban JS, Carlow DA, Gossens K, Duenas J, et al.
Recruitment of adult thymic progenitors is regulated by P-selectin and its ligand PSGL-
1. Nat Immunol. (2005) 6:626–34. doi: 10.1038/ni1203

79. Merzaban JS, Richer MJ, Van Kooyk Y, Pereira MS, Alves I, Vicente M, et al.
Glycans as key checkpoints of T cell activity and function. Front Immunol. (2018)
9:2754. doi: 10.3389/fimmu.2018.02754

80. Sun L, Su Y, Jiao A, Wang X, Zhang B. T cells in health and disease. Signal
Transduct Target Ther. (2023) 8(1):235. doi: 10.1038/s41392-023-01471-y

81. Pereira MS, Alves I, Vicente M, Campar A, Silva MC, Padrão NA, et al. Glycans
as key checkpoints of T cell activity and function. Front Immunol Front Media S.A.
(2018) 9. doi: 10.3389/fimmu.2018.02754

82. Song Y, Kumar V, Wei H-X, Qiu J, Stanley P. Lunatic, manic, and radical fringe
each promote T and B cell development. J Immunol. (2016) 196:232–43. doi: 10.4049/
jimmunol.1402421
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