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Abstract: N-glycan remodeling, including the hydrolysis of both glycopeptide linkages and glycosidic linkages, serves as a critical
regulatory mechanism in biological processes including molecular recognition and immune responses. Growing evidence reveals that
the dynamic balance between host protein glycosylation and N-glycan remodeling significantly influences the outcomes of infectious
diseases. During infection, host N-glycoproteins remodeling can be driven either by the host as a defense strategy or by pathogens as
an offensive mechanism. This review systematically examines how both host- and pathogen-induced N-glycan remodelling events
affect infection outcomes. We highlight the dual functionality: host-driven remodeling often enhances immune recognition and
pathogen clearance, whereas pathogen-driven remodeling facilitates adhesion, immune evasion, and nutrient acquisition. By integrat-
ing evidence from direct enzymatic N-glycan remodeling and indirect glycan-processing models, this review offers a novel perspective
on glycan-mediated microbial-host interactions, highlighting how targeted modulation of these processes may advance therapeutic
strategies against infectious diseases.
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Introduction

In eukaryotes, glycosylation modification represents one of the most common post-translational modifications, main-
taining multicellular coordination and participates in molecular recognition, differentiation, development, signal trans-
duction, and immune response.' > The reverse process, deglycosylation, which is mediated by specific glycosidases
through cleavage of surface glycans, provides equally dynamic regulation. Recent advances in studies of microbial-host
interaction have particularly highlighted the critical role of host N-glycoprotein deglycosylation in infection and
immunity regulation.

Glycan modifications on membrane-anchored proteins and lipids serve as essential structural mediators of microbial-host
interactions.* A paradigmatic example of symbiotic glycan exploitation is observed in infant gut ecosystems: human milk
oligosaccharides resist infant digestion but are selectively metabolized by Bifidobacterium longum subsp. infantis through
dedicated gene clusters, while bacterial-derived short-chain fatty acids in turn promote host intestinal development.’
Glycosylation of pathogens is equally critical for their infection ability, but shifts from mutualistic to adversarial roles
under pathogenic conditions.®® Under pathogenic conditions, this normally symbiotic relationship transforms into an
adversarial dynamic where glycans become molecular weapons. Host employs glycan-recognition systems to detect microbial
threats, while pathogens evolve countermeasures to subvert these defenses.” For instance, Corynebacterium diphtheriae
secretes an IgG-specific Endo-beta-N-acetylglucosaminidase (ENGase) that selectively disrupts Fcy-mediated effector
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functions, actively cleaving host N-glycans to evade immunity.'® However, some commensal bacteria like Staphylococcus
epidermidis require intact host surface glycans for adhesion, illustrating how the N-glycans can serve as either anchors for
mutualism or targets for subversion.'' These examples collectively demonstrate how glycans serve as both bridges and
battlefields in microbial-host interactions, shaping outcomes from mutualism to pathogenesis.

Notably, glycan remodeling of host N-glycoproteins occurs via two distinct mechanisms: cleavage of glycopeptide
bonds (complete N-deglycosylation) and cleavage of glycosidic bonds. In these processes, glycosidases are key weapons
used by both host and microbes in this glycan-remodeling battle.'* This enzymatic arms race is exploited by both sides to
tilt the balance of infection. Pathogens manipulate the glycans of the host cell by secreting microbial glycosidases or
interfering with the host’s glycosidases, thereby affecting critical steps such as adhesion, colonization, proliferation, toxin
activity and thus influencing the progression of the infection. Concurrently, host immune responses are dynamically
regulated through glycan-remodeling events, which can either enhance antimicrobial defenses or be exploited by
pathogens for immune evasion.

This review systematically examines the dual roles of host cell N-glycan remodeling in infection and immunity,
aiming to elucidate the molecular mechanisms by which pathogens hijack host deglycosylation process, analyze how
deglycosylation dynamically modulates both protective and pathological immune responses, and explore the therapeutic
potential of targeting these processes for infectious disease intervention. By integrating these perspectives, we provide
a comprehensive framework for understanding deglycosylation as a critical interface in microbial-host interactions.

N-Glycan Remodeling by Glycosidases

N-glycan remodeling includes enzymatic cleavage of glycopeptide bonds (complete N-deglycosylation) and cleavage of
glycosidic bonds. This process is carried out by cleaving N-glycans from various glycosylated compounds, including
monosaccharides, oligosaccharides, polysaccharides, saponins, and glycoproteins, resulting in the formation of mono-
saccharides, oligosaccharides or glycocomplexes.'*'* It occurs in a wide range of species, including humans, plants, and
bacteria. The removal of glycan chains by deglycosylation regulates the function of conjugated proteins and influences
various immune responses, such as receptor recognition, signal transduction, and the effects of immune molecules.>'”

Glycoside hydrolases (GH) are key enzymes involved in glycoprotein deglycosylation in almost all organisms that
can hydrolyze various glycosidic bonds or glycosidic oligosaccharides.'®!'” Glycosidases vary by species: for example,
arabinosidase, xylanase, and thioglucosidase are found in plants; rhamnosidase and glucosidase in bacteria, and
mannosidase in mammals.'* Each species produces specific glycosidases suited to its metabolic needs. Crucially, the
subcellular localization of these glycosidases determines their accessibility to substrates and thus their functional impact
on infection and immunity.'"® For instance, bacterial endoglycosidases such as the IgG-specific ENGase from
Corynebacterium diphtheriae are secreted or surface-associated, allowing them to directly engage host immunoglobulins
in the extracellular space.'® Viral neuraminidases are embedded in the viral envelope, facilitating virion release and
spread.'® Whereas host deglycosylating enzymes are tightly compartmentalized: NGLY 1 acts in the cytosol, neuramini-
dase 1 (NEU1) resides in lysosomes and at the plasma membrane, and ER-resident glucosidases participate in
glycoprotein quality control.'® ?* This compartmentalization dictates when and where a deglycosylation event occurs,
profoundly shaping the outcome of microbial-host interactions.

In particular, certain glycosidases are directly involved in infection and immune responses. Based on cleavage
specificities, glycosidases acting on host N-glycans can be broadly classified into several functional groups. Examples
include enzymes that remove entire N-glycans (eg, PNGase F), those that trim terminal sugars (eg, neuraminidases), and
those that cleave internal glycosidic bonds such as the core chitobiose bond (eg, Endo H). Additional examples are
provided in Table 1 and the enzymatic cleavage schematic are presented in Figure 1.

Host Cell N-Glycan Remodeling Modulates Pathogen Infection Efficiency

Pathogen infection proceeds through multiple stages, including recognition, adhesion, colonization, proliferation, and
release. N-glycans in host cell surface critically modulate various normal and pathological processes between host cells,
as well as between host cells and pathogens.’®>' During infection, specific N-glycans sequences on host receptor cells
can serve as targets for pathogen recognition and exploitation, while also providing an energy source and facilitating the
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Table | Glycosidases Involved in the Hydrolysis of Host N-Glycoproteins

Origin Species

Enzyme

Cleavage Sites

GlcNAc-Asn Linkage (Full N-glycan hydrolysis)

Bacterium Flavobacterium meningosepticum*
Bacterium Elizabethkingia meningoseptica
Bacterium Elizabethkingia meningoseptica
Host Homo sapiens

Host Homo sapiens

Peptide: N-glycosidase F (PNGase F)?*
Peptide: N-glycosidase F Il (PNGase F-I1)**
Aspartylglucosaminidase (AGA)*®
N-glycanase | (NGLY 1)26%
Aspartylglucosaminidase (AGA)*®

Asn-GlcNAc (asparagine-linked intact N-glycan with core a-1,3 fucose)
Asn-GlcNAc (asparagine-linked intact N-glycan with core a-1,3/1,6 fucose)
Asn-GlcNAc (asparagine-linked N-acetylglucosamine, releases GlcNAc and Asp)
Same as bacterial PNGase F

Same as bacterial AGA

GlIcNAc-GIcNACc Linkage

Bacterium Streptococcus pneumoniae
Bacterium Enterococcus faecalis

Bacterium Flavobacterium meningosepticum*
Bacterium Flavobacterium meningosepticum*
Bacterium Flavobacterium meningosepticum*
Bacterium Streptomyces plicatus

Bacterium Enterococcus faecalis

Bacterium Streptococcus pyogenes

Host Homo sapiens

Endo-B-N-acetylglucosaminidase D (Endo D)29
Endo-B-N-acetylglucosaminidase E (Endo E)*°
Endo-B-N-acetylglucosaminidase FI (Endo FI)3I
Endo-B-N-acetylglucosaminidase F2 (Endo F2)3I
Endo-B-N-acetylglucosaminidase F3 (Endo F33'
Endo-B-N-acetylglucosaminidase H (Endo H)32
Endo-B-N-acetylglucosaminidase 18A (Ef Endol8A)*°
Endo-B-N-acetylglucosaminidase S (Endo S)*?

Endo-B-N-acetylglucosaminidase (ENGase)M'35

GlIcNAc B-1,4 GIcNAc core of complex N-glycans (after outer chain trimming)
GlcNAc B-1,4 GlcNAc (complex)

GlcNAc B-1,4 GlcNAc (high-mannose and biantennary)

GlIcNAc B-1,4 GIcNAc (biantennary complex)

GlcNAc B-1,4 GlcNAc (bi-/tri-antennary, requires core fucose)

GlcNAc B-1,4 GlcNAc (high-mannose and some hybrid)

GlIcNAc B-1,4 GIcNAc (high-mannose)

GlcNAc B-1,4 GlcNAc (complex)

GlcNAc B-1,4 GlcNAc (free oligosaccharides/glycopeptides)

a-Mannosidic Linkage

Bacterium Elizabethkingia meningoseptica
Fungi Sporothrix schenckii

Host Homo sapiens

Host Homo sapiens

Host Homo sapiens

0-1,3 mannosidase (MA3)%¢

GolgiMan | (GM 1)¥”

ER a-1,2-mannosidase IA (ER Man I)38
39,40

Lysosomal a-mannosidase (MAN2BI)
Cytoplasmic a-mannosidase (MAN2B2)*

o-1,3 mannose (oligosaccharides only, pNP-0-D-mannoside and mannodisaccharide)
a-1,2 mannose (high-mannose)

a-1,2 mannose (high-mannose)

a-1,2/1,3/1,6 mannose (high-mannose and hybrid)

a-1,3/1,6 mannose (N-glycan core pentasaccharide, Man3GIcNAc,)

p-Galactosidic Linkage

Bacterium Streptococcus pneumoniae
Bacterium Elizabethkingia meningoseptica
Host Homo sapiens

B-galactosidase (BgaA)*'
B-galactosidase (emGalaseE)*?

o-galactosidase (a-GAL)*

B-1,4 galactose
B-1,4 galactose
o-1,4/1,6 galactose

p-1,2 GlcNAc-Mannose Linkage

Bacterium Streptococcus pneumoniae

Streptococcal B-N-acetylglucosaminidase H (StrH)**

B-1,2 GlcNAc

o-Sialosidic Linkage

Virus H5N influenza A virus
Bacterium Streptococcus pneumoniae

Host Homo sapiens

Neuraminidase (NA)*
Neuraminidase A (NanA)*
Neuraminidase 1-4 (NEU|-4)*¢*

0-2,3/6 sialic acid
0-2,3/6 sialic acid
0-2,3/6/8 sialic acid

Core Fucosidic Linkage

Bacterium Elizabethkingia meningoseptica

Host Homo sapiens

Core fucosidase | (cFase 1)*®
o-L-fucosidase | (FUCAI)*

o-1,3 core fucose
o-1,2/3/4/6 fucose

Note: *Flavobacterium meningosepticum was renamed Elizabethkingia meningoseptica in 2005.
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1. N-Glycan Diversity 2. Key Cleavage Sites*

F: a-Sialosidic Linkage —>
<€— E: B-Galactosidic Linkage

<€— D:B-1,2 GIcNAc-Mannose
Linkage
C: a-Mannosidic Linkage —>

B: GIcNAc-GIcNAc Linkage \ /

A: GIcNAc-Asn Linkage ——>

G: Core Fucose Linkage

High mannose type Complex type Hybrid type

3. Glycosidases and Sources B GicNAc @ Mannose () Galactose € Fucose € Sialicacid s~ Peptide
A: GIcNAc-Asn Linkage C: a-Mannosidic Linkage F: a-Sialosidic Linkage
+ Bacteria: MA3  Virus: Neuraminidase

« Bacteria: PNGase F, PNGase F I, AGA
* Human: NGLY1, AGA

* Human: ER Man |, MAN2B1, MAN2B2 « Bacteria: Nan A
¢ Human: NEU1-4

D: B-1,2 GIcNAc-Mannose Linkage
B: GlcNAc-GlcNAc Linkage . Bacteria: StrH G: Core Fucosidic Linkage
« Bacteria: Endo A/D/E/F1/F2/F3/H/S, E: B-Galactosidic Linkage o Eremk sl
Ef Endo18 A * Human: FUCA1

» Bacteria: Bga A, emGalaseE

* Human: ENGase
* Human: a-GAL

Figure | N-glycan types, cleavage linkages, and infection-related glycosidases. *The various types of N-glycans depicted are simplified schematics and may not fully reflect
the physiological glycan structures. Core fucosylation is not present on all N-glycans; the diagram illustrates a fucosylated form for clarity. The depicted complex-type N-
glycan serves solely to indicate the cleavage positions targeted by the indicated enzymes.

maintenance of infection. Therefore, remodeling of these N-glycans on host cells can alter the progression of infection.
This section discusses how host cell N-glycan remodeling modulates pathogen infection efficiency.

Microbial-Host Interface: N-Glycan Remodeling in Recognition, Adhesion and

Colonization
Adhesion and colonization are crucial initial steps for most pathogens to successfully invade the host and establish

persistent infections.’*>>

Host-Mediated N-Glycan Remodeling Blocks Pathogen Adhesion and Colonization

N-glycan chains on host cells are key structures that enable pathogen adhesion and invasion.>* Studies have shown that
host cell deglycosylation prevents viral infection by inhibiting viral recognition and binding to host cells. Zhao et al
reported that in MLE-12 and A549 cells infected with HIN1 swine influenza virus, the expression of host NEU1 was
upregulated as a virus-induced host response, leading to removal of sialic acid residues from the cell membrane and
potentially reducing viral entry receptor availability.>> Bertoldi et al conducted a cross-sectional clinical study comparing
patients with Gitelman/Bartter syndrome (GS/BS) and healthy controls, finding that GS/BS patients with remarkably low
SARS-CoV-2 susceptibility had higher levels of non-glycosylated angiotensin-converting enzyme 2 (ACE2), suggesting
an association between ACE2 deglycosylation and reduced infection risk.’® However, the study did not determine
whether this increase resulted from impaired glycosylation or enhanced deglycosylation, leaving the mechanistic
direction unresolved. Together, these examples indicate that reduced N-glycans on host cell surfaces, whether mediated
by upregulated host glycosidases or associated with naturally increased non-glycosylated receptor forms, may interrupt
pathogen adhesion and colonization, representing an intrinsic barrier that reduces the availability of entry receptors.
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However, the latter observation remains correlative and requires further experimental validation to establish causality and
distinguish between impaired glycosylation versus enhanced deglycosylation.

Pathogen-Exploited N-Glycan Remodeling Promotes Host Recognition and Adhesion

Notably, pathogens employ a counter-strategy. They secrete glycosidases or modulate host glycosidases to alter the N-
glycan structures on host cell surfaces, thereby strengthening their interaction with the host. Sialidases are used by
influenza virus to cleave 02-3 sialic acids in mucus, promoting virus particle recognition and entry into epithelial cells.’’
Host NEU1 is mobilized by Pseudomonas aeruginosa to remove sialic acids from the extremities of Mucinl receptors,
thereby enhancing the binding of bacterial flagellin to the receptors and facilitating bacterial adhesion and invasion.”®
Furthermore, a sequential action of neuraminidase A (NanA), B-galactosidase A (BgaA), and Streptococcal B-N-
acetylglucosaminidase H (StrH) secreted by Streptococcus pneumoniae deglycosylates host glycoproteins, thus enhan-
cing bacterial adhesion and colonization in the host.””

Furthermore, it has been demonstrated that the removal of entire N-glycan chains from host cell surfaces using
Peptide: N-glycosidase F (PNGase F) significantly reduces the adhesion and colonization capabilities of pathogens such
as Staphylococcus aureus, Staphylococcus epidermidis, Salmonella typhimurium, Seneca Valley virus, Dengue virus.®® ¢

By expressing aberrant glycosidases, pathogens remove terminal sialic acids from host glycoproteins, thereby
exposing previously hidden glycans. These pathogen-induced N-glycan remodeling events subvert the host’s glycan--
based defensive barrier, directly promoting bacterial adhesion and colonization. Complete removal of entire N-glycan
chains from host cells’ surfaces (eg, by PNGase F) has also been linked to infection outcomes in vitro, though such
treatments are experimental. Whether endogenous glycosidases achieve a similar effect during natural infection remains
to be determined. Nevertheless, together with desialylation, these deglycosylation events are closely associated with
bacterial adhesion and colonization.

Host Cell N-Glycan Remodeling Affects Pathogen Infection Status

Host N-Glycan Remodeling Attenuates Bacterial Toxin Binding and Cytotoxicity

N-glycans on host cell surface often serve as attachment sites for bacterial toxins. Therefore, host-mediated deglycosyla-
tion could theoretically reduce toxin binding and subsequent cytotoxicity. Direct experimental evidence for this concept
comes from in vitro enzymatic treatment models that mimic host deglycosylation. Specifically, Rahman et al demon-
strated that deglycosylation on host cells using neuraminidase, PNGase F, and Endo-o-N-acetylgalactosaminidase
significantly reduced the binding of Kingella kingae RtxA toxin to target cells, inhibiting toxin entry and thus decreasing
target cell damage and death.®® This finding provides proof-of-concept that deglycosylation can attenuate toxin action,
supporting the plausibility of host deglycosylation as a defense mechanism. However, it remains to be determined
whether host cells naturally upregulate such deglycosylation activities during infection to achieve toxin resistance, as the
current study employed exogenous glycosidases under non-physiological conditions.

Pathogen-Exploited N-Glycan Remodeling on Host Cells Augments Viral Virulence and Replication
Deglycosylation induced by pathogens through the secretion of glycosidases during infection is crucial for their virulence
and destructive capabilities.®® A direct example of pathogen-driven deglycosylation contributing to virulence found by Ju
et al is that the neuraminidase (NA) secreted by H5N1 influenza virus mediates deglycosylation of lysosome-associated
membrane proteins (LAMP), destabilizing LAMP and inducing lysosomal rupture, ultimately leading to tracheal
epithelial cell death.*” During influenza virus infection, the encoded NEU removes terminal N-glycan from the host
cell surface, facilitating viral particle release and enhancing the virus’s spread.®’” This process increases cytotoxicity,
disrupts cellular homeostasis, and ultimately leads to host cell death.

During infection, pathogen-induced N-glycan remodeling may alters virus’s ability to sustain infection in the host,
affecting its replication, assembly, and other processes. St Clair et al reported that in Huh7 cells, infection with dengue
virus serotype 2 (DENV?2) leads to increased expression and activity of human sialidases NEU1-4, as determined by
enzymatic activity assays, which is crucial for DENV2 replication and release.’® Fibroblasts, the natural host cells for
human cytomegalovirus (HCMV), exhibit a significant reduction in HCMV DNA following in vitro deglycosylation
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treatment, resulting in marked inhibition of HCMYV replication and infection.®® Additionally, when host deglycosylation
is inhibited, viral replication can be suppressed. For example, the glycosidase inhibitor N-butyl-deoxynojirimycin
strongly inhibits envelope formation of hepatitis B virus and assembly and secretion of Ebola virus.”®’' Similarly, the a-
glucosidase inhibitor, castanospermine, inhibits the assembly of measles virus and the replication of hepatitis C virus.”*

Pathogen-induced N-glycan remodeling presents a key mechanism that enhances viral virulence by targeting host N-
glycan structures, destabilizing critical proteins, and facilitating viral release and replication. Such sequential disruption
not only amplifies cytotoxicity but also alters infection dynamics, promoting viral spread and immune evasion. Notably,
inhibiting deglycosylation has shown potential as a therapeutic strategy to suppress viral replication and disrupt pathogen
life cycles, offering a promising approach for antiviral intervention. Of note, while pathogen-secreted glycosidases offer
direct mechanistic evidence, many findings on N-glycan remodeling induced by both host and pathogen remain at the

in vitro experimental level, warranting cautious interpretation.

Pathogen-Derived Glycosidases Liberate Host Glycans as Nutritional Sources for

Proliferation
Upon entering the host, hydrolyzing host polysaccharides or oligosaccharides, which facilitates the acquisition of energy
and nutrients, as well as pathogen proliferation, is a critical mechanism for pathogen survival and infection.

The survival of bacteria within the host partly depends on their capacity to utilize host metabolites, such as products derived
from deglycosylated glycoprotein.”® Bacteria have evolved diverse mechanisms to induce host protein N-glycan remodeling,
including direct induction, secretion of glycosidases, and utilization of starch utilization systems (SUS). Studies have demon-
strated that Francisella tularensis infection of macrophages triggers the N-glycan remodeling of the glutamine transporter
SLC1AS5, with the resulting free oligosaccharides serving as a factor affecting its intracellular survival. > Keffeler et al found
that under glucose-limited conditions, the growth of Enterococcus faecalis was supported by the polysaccharides derived from
the cleavage of the chitobiose core linkage of host high-mannose glycoproteins by the glycosidase EfEndo18A upregulated by
E. faecalis.>® Similarly, Oral streptococci, Streptococcus pneumoniae, and Actinomyces odontolyticus have been reported to
utilize their own glycosidases to deglycosylate host glycoproteins.>®’*”> Furthermore, a unique SUS was utilized by Bacteroides
fragilis to deglycosylate host glycoproteins, with the complex N-glycans serving as the sole energy source for its growth.”®

This nutrient-acquisition strategy supports bacterial proliferation within the host, indirectly contributing to infection
persistence and severity.

Host N-Glycan Remodeling in Immune Recognition and Evasion

The microbial-host interaction represents a pivotal axis in infection dynamics, requiring host to counter pathogen
invasion, persistent infection, and immune evasion strategies. The host immune defense system comprises innate and
adaptive immunity, in which glycan chains on immune cells and molecules mediate pattern recognition, pathogen
opsonization, and toxin neutralization.”” Consequently, host cell N-glycan remodeling carries significant immunological

implications, substantially shaping immune response efficacy and ultimately determining infection outcomes.””-’®

Host-Mediated N-Glycan Remodeling Activates Immunity Against Infection

Host cell N-glycan remodeling serves as a crucial regulatory mechanism in microbial-host interactions, playing a pivotal
role in immunity. Through modulation of glycosidase expression, host can alter glycosylation patterns on immune cells,
effector molecules, and receptors, thereby enhancing pathogen recognition and clearance.” Ackerman et al demonstrated
that HIV infection induces B cell glycosylation reprogramming, leading to increased Fc agalactosylation on HIV-specific
antibodies. This modification enhances antibody binding to FCGR3A (as validated by galactosidase treatment), which in
turn drives stronger antibody-dependent cell-mediated viral inhibition (ADCVI) and antibody-dependent cellular cytotoxi-
city (ADCC), particularly in elite controllers who display the highest levels of agalactosylated glycans.*® Supported by two
evidence tiers, namely observational correlation in HIV elite controllers and causal validation through in vitro enzymatic
deglycosylation with galactosidase treatment, this case showed degalactosylation directly augments antiviral immunity.
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Furthermore, hosts actively reshape IgG glycosylation patterns during latent tuberculosis (TB) infection, producing
afucosylated antibodies that optimize FcyRIIla engagement and NK cell-mediated immunity. This specific removal of
core fucose from the IgG Fc N-glycan potentiates host immunity through augmented ADCC and phagocytosis,
contributing to Mycobacterium tuberculosis control and immunological memory maintenance.®' In contrast, Active TB
patients exhibit elevated levels of agalactosylated IgG, which impairs host defenses by diminishing phagocytic capacity
and bactericidal activity against M. tuberculosis. These findings collectively demonstrate that host-specific antibody
deglycosylation patterns serve as a double-edged sword in anti-infective immunity: afucosylation enhances FcyRIIla-
mediated effector functions, whereas agalactosylation may paradoxically compromise microbial clearance. This dichot-
omy is mechanistically supported by in vitro evidence from Van Coillie et al, who used defined glycoengineered IgG and
FcyRIIla variants in SPR binding assays to establish a direct causal link between specific deglycosylation events and
altered receptor affinity, which translates into differential NK cell activation and infection outcomes.

Multiple studies have demonstrated the critical role of host glycosidases in anti-infection immunity, with direct
evidence linking deglycosylation to enhanced antiviral responses.”® Specifically, patients with congenital disorders of
deglycosylation (CDDG) caused by N-glycanase 1 (NGLY1) deficiency not only exhibit significantly reduced viral
infection rates but also show persistently elevated expression of interferon-stimulated genes in peripheral blood mono-
nuclear cells, indicating that deglycosylation potentiates type I interferon signaling to boost antiviral immunity.®* In
Nglyl-knockout mouse models, embryonic fibroblasts display decreased susceptibility to vesicular stomatitis virus
infection accompanied by significantly increased virus-induced IFN-B production, confirming that NGLY1 deficiency
suppresses viral replication through activation of innate immune signaling pathways.®> Furthermore, in human rhabdo-
myosarcoma cells, Nglyl knockdown not only inhibits Coxsackievirus A16 and Enterovirus 71 replication but also
enhances RIG-I-like receptor-mediated viral pattern recognition, further demonstrating that deglycosylation exerts anti-
infective effects by modulating innate immune sensor function.** Thus, deglycosylation of NGLY1 directly links to
augmented antiviral immunity across multiple evidence levels—from patients to mice to cells—by unleashing type
I interferon and RIG-I-like receptor pathways.

These findings collectively reveal that N-glycan remodeling of host cells establishes effective anti-infection defense
through multiple immune mechanisms including type I interferon pathway activation and Fc-mediated effector optimiza-
tion, yet the strength of causal inference varies markedly: the NGLY1 studies offer multi-level evidence (human, mouse,
cell), whereas the HIV and TB conclusions are primarily drawn from correlative patient data and in vitro glycoengineer-
ing experiments, lacking direct in vivo proof that naturally occurring deglycosylation events alone drive the observed
protection or pathology. Future efforts should prioritize optimizing evidence hierarchies and leveraging robust patient
cohort studies to establish causality and assess the therapeutic potential of modulating specific deglycosylation pathways
in infectious diseases.

Pathogen Subversion of Host N-Glycan Remodeling Promotes Immune Evasion in the

Infection

Pathogens evade immunity via two distinct deglycosylation strategies: deglycosylating host immunoglobulins to disrupt
defenses, or hijacking host glycosidases to enable immune escape and infection. Specifically, pathogens manipulate host
immunity through enzymatic removal of N-glycans from immunoglobulins and other immune molecules, thereby subverting
antimicrobial defenses and compromising immune barriers to facilitate infection.®® Mechanistic evidence shows that the
single-domain ENGase secreted by Corynebacterium diphtheriae specifically hydrolyzes the Asn297 glycan of IgG anti-
bodies, directly blocking FeyR-mediated effector functions while preserving neutralization activity.*® Enterococcus faecalis-
derived Endo-B-N- acetylglucosaminidase E (Endo E) removes glycans from lactoferrin, RNase B, and IgG, impairing
lactoferrin’s antibiofilm activity while reducing IgG-Fc receptor binding and classical complement activation.®’ Both bacterial
sialidases (eg, from Actinomyces) and fungal o-mannosidases (eg, from Candida albicans) target host IgA: the former
desialylates IgA to enhance its proteolytic degradation, while the latter cleaves IgA glycans to block FcyR binding,
collectively compromising IgA-mediated mucosal immunity.’'** Pathogens may also hijack host glycosidases: Leishmania
upregulates host N-glycanase to deglycosylate and degrade ATPase Copper Transporting Alpha (ATP7A), evading copper
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homeostasis-mediated antimicrobial effects, while bacterial suppression of host f-galactosidase 1 attenuates pattern-triggered
immunity (PTI) pathway-dependent defenses.*** Thus, N-glycan remodeling serves as a convergent immune evasion
mechanism across diverse pathogens, with direct enzymatic evidence linking N-glycan removal to blockade of FcyR,
complement, and mucosal immunity, as well as to subversion of intracellular antimicrobial pathways.

To further dissect the causal role of N-glycan remodeling in immune suppression, in vitro studies using purified
glycosidases have systematically evaluated the functional consequences of removing glycans from host immune
molecules. In vitro studies simulating pathogen-induced host deglycosylation have revealed suppressed innate immune
responses, including impaired phagocytic activity. For instance, pulmonary surfactant protein A, which normally
enhances viral phagocytosis and clearance by alveolar macrophages, exhibits reduced herpes simplex virus recognition
and binding after PNGase F treatment, consequently diminishing its ability to promote macrophage phagocytosis and
cytokine secretion, thereby suppressing host immune responses.”’ Zhao et al demonstrated that deglycosylation of
bactericidal myeloperoxidase by PNGase F, a-neuraminidase, and al,6-fucosidase decreases its oxidative and antimi-
crobial activities, potentially predisposing the host to more severe infections and inflammation.’? Research indicates that
glycosylation of adaptive immune effector molecules is crucial for immunological functions, and deglycosylation may
lead to impaired pattern recognition and compromised opsonization.”” Raskova et al found that while deglycosylated
sIgA maintains in vitro binding capacity to Escherichia coli 055, it loses protective activity.”> Koike et al reported that
rabies vaccine-induced glycoform-specific IgG1 exhibits potent neutralizing activity in vitro, whereas its deglycosylated
counterpart loses both lectin-binding capacity and functional activity.”* Mahant et al demonstrated that reduced Fc glycan
maturity in bacterial vaginosis patients’ IgG correlated with diminished herpes simplex virus (HSV) neutralization,
suggesting anaerobic bacterial glycosidases may impair IgG-HSV glycoprotein E interactions.”> Additionally, studies
silencing glycosidase-encoding genes in fungi have observed attenuated host immune responses, providing indirect
genetic evidence for the critical role of glycosidases in host-fungal interactions and virulence.®®

Host N-glycan remodeling undeniably modulates immune responses, yet the field is less coherent than often assumed.
Well-supported mechanisms such as pathogen-derived ENGase, Endo E, and sialidases contrast sharply with emerging
and less-validated hypotheses like pathogen hijacking of host glycosidases. Moreover, contradictory observations abound
because deglycosylation can either boost immunity as seen in NGLY'1 deficiency or blunt it as demonstrated by IgG
agalactosylation in active tuberculosis, indicating that the outcome is highly context dependent. Methodological limita-
tions further complicate generalization, including the use of non-physiological enzyme doses in vitro, inherent hetero-
geneity of glycan structures, and a lack of cell-type-specific genetic models. Recognizing these uncertainties and
discordances is essential for the field to progress beyond a deceptively unified narrative.

Summary

N-glycan remodeling of host N-glycoproteins has become a common defense strategy in the microbial-host survival
competition, which is a double edged sword in infection and immunity: host mediated remodeling is predominantly
protective, whereas pathogen induced remodeling is predominantly pathogenic. Across the mechanisms discussed in this
review, host-driven N-glycan remodeling can block pathogen adhesion (eg, NEUl-mediated sialic acid removal),
attenuate bacterial toxin binding, and enhance immune effector functions such as opsonization, ADCC, and phagocytosis.
In contrast, pathogen-driven N-glycan remodeling promotes microbial adhesion and colonization, augments viral
replication and release, liberates host N-glycans as nutrients, and subverts antibody-mediated immunity. Based on this,
we propose that N-glycan remodeling of host N-glycoproteins, shaped by microbial-host interactions, plays a crucial role
in disease progression and immune regulation (Figure 2).

Outlook

Pathogen infection outcomes are critically governed by the opposing forces of host N-glycoprotein glycosylation and
deglycosylation, a regulatory axis that orchestrates microbial-host interactions at the molecular level.

From the pathogen perspective, many infectious agents have evolved glycosidases to directly deglycosylate host
glycoproteins or manipulate host’s glycosidases, thereby subverting immune recognition and promoting infection.
Beyond well recognized bacterial and viral examples, the fungus Aspergillus fumigatus utilizes its glycosylasparaginase
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AspA to cleave N-glycosidic bonds (GlIcNAc-Asn) of host glycoproteins, thus disrupting macrophage-mediated immune
recognition and inflammatory responses to facilitate fungal immune evasion.”’ Glycosidase-targeting inhibitors are
emerging as promising therapeutic candidates against multiple viruses including SARS-CoV-2, hepatitis B virus, and
measles virus.”®%’ This finding suggests that targeting pathogen-derived glycosidases may represent a novel therapeutic
strategy against infectious diseases, a concept already validated by influenza neuraminidase inhibitors.

In host systems, while N-glycoprotein deglycosylation has been well characterized as a central regulator of infection,
accumulating evidence implicates O-glycoprotein deglycosylation as a comparably important player. For instance,
Entamoeba histolytica induces contact-dependent O-glycoprotein deglycosylation in HepG?2 cells, disrupting the balance
of O-GlcNAc modification and interfering with homeostatic intracellular signaling molecules, ultimately leading to
HepG2 cell death.'” Furthermore, glycolipids constitute essential membrane components involved in cell recognition
and signal transduction, and their glycosylation patterns are increasingly recognized as key determinants in infection and
immunity.'®"'% Although existing evidence links these glycoconjugates to infection and immunity, the current under-
standing of O-glycoprotein deglycosylation during infection remains limited, and the potential relationship between
alterations in surface glycolipid glycosylation patterns and infectious processes has received little attention. Future
systematic studies should therefore focus on fungal pathogens and broaden the scope to include O-glycoproteins and
glycolipids, which may reveal previously unrecognized deglycosylation mechanisms in microbial-host interactions.

Beyond expanding the substrate repertoire, the field faces translational challenges. Most current evidence remains
in vitro or correlative, with limited in vivo validation of physiological deglycosylation, and many studies fail to
distinguish between impaired glycosylation and enhanced glycan removal. Consequently, their explanatory power for
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the “arms race” of deglycosylation in infection immunity is inherently limited. To address this gap, future efforts should
establish physiologically relevant animal models that recapitulate infection-driven deglycosylation, and, crucially,
determine whether both host and pathogens actively manipulate deglycosylation to tilt the immune balance in their
favor. Unraveling this bidirectional regulation will be essential for translating deglycosylation biology into effective
therapeutic strategies that break the infection-immunity stalemate.

Moreover, although deglycosylation modulates infection and immune outcomes, the translational potential of target-
ing glycosidases remains largely unexplored. Two parallel therapeutic strategies are recommended. One is to target
pathogen-derived glycosidases, which has already proven successful for influenza virus neuraminidase (clinically
approved inhibitors include oseltamivir, zanamivir, and peramivir). Expanding this concept to bacterial endoglycosidases
such as Streptococcus pyogenes Endo S or Streptomyces plicatus Endo H represents a promising but underexplored
direction. The other is to modulate host glycosidases. Host NEU1 inhibition reduces viral entry and bacterial adhesion,
while NGLY1 inhibition enhances type I interferon responses.*>** Experimental inhibitors exist, including C9-BFA for
NEU1 and compound 19 for NGLY 1, but none have entered clinical trials for infectious diseases.’®'®* Ultimately,
translating current mechanistic insights into clinical applications will require exploring host glycosidase modulators and
glycomics-based biomarkers for patient stratification. Addressing these gaps will be essential to move from descriptive
biology toward tangible benefits for infectious disease management.

In general, N-glycan remodeling in the host serves as a pivotal modulator of infection outcomes. With the advance-
ment of glycobiology and glycomics, in-depth studies on the mechanism of host N-glycan remodeling in infection and
immune regulation are expected to provide crucial scientific foundations and new strategies for the development of anti-
infective drugs and novel vaccines. Unraveling the remaining mysteries of this glycan-based battlefield promises to refine
our fundamental understanding of infectious diseases.
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