
REVIEW
published: 02 November 2018

doi: 10.3389/fimmu.2018.02485

Frontiers in Immunology | www.frontiersin.org 1 November 2018 | Volume 9 | Article 2485

Edited by:

Monica M. Burdick,

Ohio University, United States

Reviewed by:

Venktesh Shirure,

University of California, Davis,

United States

Liming Liu,

Merck, United States

*Correspondence:

Kevin J. Yarema

kyarema1@jhu.edu

Specialty section:

This article was submitted to

T Cell Biology,

a section of the journal

Frontiers in Immunology

Received: 08 August 2018

Accepted: 08 October 2018

Published: 02 November 2018

Citation:

Buettner MJ, Shah SR, Saeui CT,

Ariss R and Yarema KJ (2018)

Improving Immunotherapy Through

Glycodesign. Front. Immunol. 9:2485.

doi: 10.3389/fimmu.2018.02485

Improving Immunotherapy Through
Glycodesign

Matthew J. Buettner 1, Sagar R. Shah 1, Christopher T. Saeui 1,2, Ryan Ariss 1 and

Kevin J. Yarema 1*

1Department of Biomedical Engineering and the Translational Tissue Engineering Center, The Johns Hopkins University,

Baltimore, MD, United States, 2 Pharmacology/Toxicology Branch I, Division of Clinical Evaluation and

Pharmacology/Toxicology, Office of Tissues and Advanced Therapies, Center for Biologics Evaluation and Research, U.S.

Food and Drug Administration, Bethesda, MD, United States

Immunotherapy is revolutionizing health care, with the majority of high impact “drugs”

approved in the past decade falling into this category of therapy. Despite considerable

success, glycosylation—a key design parameter that ensures safety, optimizes biological

response, and influences the pharmacokinetic properties of an immunotherapeutic—has

slowed the development of this class of drugs in the past and remains challenging

at present. This article describes how optimizing glycosylation through a variety of

glycoengineering strategies provides enticing opportunities to not only avoid past pitfalls,

but also to substantially improve immunotherapies including antibodies and recombinant

proteins, and cell-based therapies. We cover design principles important for early stage

pre-clinical development and also discuss how various glycoengineering strategies

can augment the biomanufacturing process to ensure the overall effectiveness of

immunotherapeutics.

Keywords: immunotherapy, glycosylation, antibody-drug conjugates (ADCs), monoclonal antibodies, antibody-

dependent cell cytotoxicity (ADCC), glycoengineering, metabolic glycoengineering

INTRODUCTION

Over the past 30 years immunotherapy, a term that encompasses any strategy that induces,
enhances, or suppresses the body’s natural immune system to treat disease, has emerged as today’s
preeminent approach to new drug development. In reality immunotherapy is a centuries-old
technology, dating from Edward Jenner’s discovery in 1796 that inoculation with fluid from cowpox
lesions could protect against smallpox. Over the next ∼200 years immunotherapy largely involved
vaccine development until the advent of recombinant DNA technology in the 1970s and 1980s
opened the door to today’s impressive repertoire of immunotherapeutics, which include hormones,
cytokines, antibodies, enzymes, and immune cells (1–6). The value of immunotherapeutics reached
$107 billion (U.S. dollars) in 2017 with market projections soaring to $180 billion by 2025 (7);
this strong projected growth indicates that many new immunotherapies are anticipated in the
near future. This article describes how glycosylation is critical for the ongoing success of this
important segment of today’s burgeoning “biologics” drug market (Figure 1) by ensuring the safety
and improving the function, activity, efficacy, physicochemical, and pharmacokinetic properties of
immunotherapeutics (9–14).
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FIGURE 1 | Overview of Biologics with immunotherapy-related examples. (A) “Biologics” is a broad term that refers to any therapy created using material derived from

a living system, several examples are shown [as adapted from Chhina (8)]. (B) Protein-based biologics dominate today’s commercial products with examples

discussed in this article including monoclonal antibodies (section Antibodies) and interferon (section Blocking Antibodies). (C) Until a few decades ago, vaccines

dominated immunotherapy, a 200-year old endeavor (section Vaccines), with cancer vaccines (section O-Glycans in Immunotherapy and 3.3) representing one

example of this trend today. (D). The extraordinarily diverse nature of immunotherapy is illustrated by emerging cell-based (e.g., CAR T-cell, section Chimeric Antigen

Receptor (CAR) T-cell Therapy) and gene therapies.

Abbreviations: ADC, antibody-drug conjugates; ADCC, antibody-dependent
cell cytotoxicity (also referred to as antibody-dependent cellular cytotoxicity
or antibody-dependent cell-mediated cytotoxicity); ASGP, asialoglycoprotein;
CAR, chimeric antigen receptor; CDC, complement dependent cytotoxicity;
CHO, Chinese hamster ovary; CRISPR/Cas, clustered regularly interspaced
short palindromic repeats/targeted Cas endonuclease; CSF, colony stimulating
factor; EMA, European Medicines Agency; EPO, erythropoietin; ER, endoplasmic
reticulum; Fab, fragment antigen-binding; Fcγ, (fragment crystallizable γ); FDA,
Food and Drug Administration; FRET, Förster resonance energy transfer; Fuc,
fucose; Fut/FUT, fucosyltransferase; Gal, galactose; GalCer, galactosylceramide;
GalNAc, N-acetylgalactosamine; Glc, glucose; GlcCer, glucosylceramide; GlcNAc,
N-acetylglucosamine; GSL, glycosphingolipid; HEK293, human embryonic kidney
293 cells; HSPC, hematopoietic stem and progenitor cell; IgG, immunoglobin G;
IL-2, interleukin-2; IVIG, intravenous immunoglobin; LacNAc, Galβ(1-4)GlcNAc;
LLO, lipid-linked oligosaccharide (Glc3Man9GlcNAc2-P-P-dolichol); mAb,
monoclonal antibody; Man, mannose; Mgat, N-acetylglucosaminyltransferase;
MSC, mesenchymal stem (or stromal) cell; MUC1, mucin 1; Neu5Ac, N-
acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid; NMR, nuclear

To begin this article (next, in section The Role of
Glycosylation in Immunotherapy), we provide an overview of
mammalian glycosylation—with a focus on N-glycosylation—
and highlight how specific glycans impact human immunity
and then in section Glycodesign of Immunotherapeutics
provide illustrative examples of how glycans modulate various
types of immunotherapies. The sheer complexity and vast
diversity of glycosylation makes quality control during the
manufacturing of biologics a daunting task (15); we are confident,
however, that various “glycoengineering” strategies, as outlined

magnetic resonance; PD1, programmed cell death protein-1; PDL1, programmed
death ligand-1; PEG, polyethylene glycol; PTM, post-translational modifications;
scFv, single chain variable fragment; SIGN-R1 or DC-SIGN, specific intracellular
adhesion molecule-grabbing nonintegrin R1; sLex, sialyl Lewis x; TALEN,
transcription activator-like effector nuclease; α-Gal, galactose-α(1,3)-galactose.
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in section Design Considerations and Biomanufacturing, hold
great promise for improving existing, and developing novel,
immunotherapeutics.

THE ROLE OF GLYCOSYLATION IN
IMMUNOTHERAPY

Historically, the central dogma of biochemistry was based on
the belief that the flow of information from a DNA template
to RNA to protein could unlock and predict underlying
functional and evolutionary relationships in biology. In recent
years this paradigm has shifted dramatically by emphasizing
upstream epigenetic factors that control gene expression
as well as downstream post-translational modifications
(PTMs). This article focuses on glycosylation, a ubiquitous
PTM in all three domains of life (archaea, bacteria, and
eukarya); in mammals, carbohydrates can be divided into
three primary types: N-linked glycans, O-linked glycans,
and glycolipids (16). With the emergence of glycobiology
in 1980s (17) and the realization that glycans modulate
almost all aspects of human biology—especially the immune
system [exemplified by the role of glycans in modulating
the function of IgG antibodies (18), a topic discussed
throughout this article]—the stage was set to apply lessons
learned to the burgeoning field of immunotherapy. Here, in
section The Role of Glycosylation in Immunotherapy, we
briefly review mammalian glycosylation and its impact on
immunotherapy; this focus stems from emerging dominance of
mammalian systems as the predominant production platform
for immunotherapeutics (6).

N-Glycans
N-Glycans are oligosaccharides covalently linked to the amide
nitrogen of asparagine; they constitute one of the most common
and almost certainly the most complex type of PTM (19,
20). Here we provide an overview of mammalian N-glycan
biosynthesis [for more thorough information, see (19–22)]
along with illustrative examples of how various N-glycans
modulate immunity. In the next sub-sections we describe
N-glycan biosynthesis in a step-by-step manner and highly
salient features relevant to immunotherapy. This information
provides a foundation for optimizing drugs—mostly biologics—
used in immunotherapy (this class of drugs is referred to as
“immunotherapeutics” in this paper).

Early Steps in N-Glycan Biosynthesis
N-Glycan biosynthesis occurs in two distinct stages in the
endoplasmic reticulum (ER) and the Golgi apparatus,
respectively (19, 23). N-Glycan biosynthesis begins in the
ER with the synthesis of the lipid-linked oligosaccharide
(LLO) structure. Dolichol is an isoprenoid lipid that functions
as an oligosaccharide carrier during early LLO synthesis on
the cytosolic face of the ER membrane (19, 24, 25) where
Man5GlcNAc2-P-P-dolichol is formed. This glycolipid is
translocated into the ER lumen by a flippase (26, 27) where
it is further elaborated to the final 14-mer LLO structure
(Glc3Man9GlcNAc2-P-P-dolichol), which is transferred by

an oligosaccharyltransferase to an asparagine residue in the
consensus motif Asn-X-Ser/Thr of a nascent polypeptide
chain during its translation across the ER membrane
(28, 29).

N-Glycan Processing and Structural Diversification
The second phase of N-glycan biosynthesis encompasses the
processing of LLOs (as outlined in Figure 2) into three
general categories (high mannose, hybrid, and complex)
decorated with thousands of potential structural motifs (31–
33) after transport of the host protein from the ER to
the Golgi. This diversification of N-glycans—being a non-
template based process—results in numerous and difficult-
to-predict glycoforms. As described below, the sequential
modification of mannose, GlcNAc, galactose, fucose, and sialic
acid modulates many aspects of biology, including most aspects
of immunotherapy (20).

Mannose
In the Golgi, a proportion of the Man8/9GlcNAc2 structures
avoid further modification (beyond the cleavage of mannose
residues to form Man5−9GlcNAc2) resulting in high mannose
type N- glycans (19) that affect glycoprotein secretion, folding,
and stability (34). For example, high mannose N-glycans can
increase serum clearance and immunogenicity of IgG antibodies
(35–37) although this is not always the case (38). High mannose
N-glycans are associated with enhanced IgG monoclonal
antibody (mAb) binding to FcγRIIIa and concomitant higher
antibody-dependent cell cytotoxicity (ADCC) activity [ADCC
is discussed in more detail in section Antibody-dependent
Cell Cytotoxicity (ADCC)]. This effect was observed across
the range of five to nine mannose residues (36, 37, 39–41)
suggesting that enhanced activity could be due to a lack of
core fucosylation (discussed below in section Fucose) and not
the presence (or absence) of mannose per se. High mannose
glycans with more than five mannose resides also lessen
C1q (a vital receptor for complement dependent cytotoxicity
[CDC]) binding, yielding diminished CDC activity (36, 39,
42).

Branching (Mgat1,2,4,5)
In most cases, high mannose type N-glycans are further
processed in the Golgi resulting in hybrid- and complex-
type N-glycans (Figure 2). The process of N-glycan
branching and elongation begins in the medial-Golgi with
the transfer of GlcNAc to the Man5GlcNAc2 structure by
N-acetylglucosaminyltransferase, Mgat1 (43). For hybrid N-
glycans, the high mannose branch remains unaltered while
the branch ending in GlcNAc is usually further elongated
with galactose and GlcNAc or capped with sialic acid, or
fucose, as described below. Complex type N-glycans have
two additional mannose residues cleaved by α-mannosidases
(Man2a1 or Man2a2) to produce GlcNAcMan3GlcNAc2
(44), which is elaborated with bi- (and sometimes tri-, and
tetra-) antennary branches by the sequential addition of
GlcNAc residues via Mgat2, Mgat4, and Mgat5. The GlcNAc
transferases have decreasing affinity (higher Km values) for
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FIGURE 2 | Branch elongation and structural diversity of N-glycans. The Glc3Man9GlcNAc2-P-P-dolichol LLO structure is synthesized in the ER where it is further

processed and transferred to the Golgi resulting in high mannose (e.g., Man5GlcNAc2), hybrid, and complex type N-glycans that undergo branching via Mgat1, 2, 4,

and 5 GlcNAc transferase activity that respectively creates di-, tri-, or tetra-antennary structures. Following the initial branching step, the glycan structure may be

fucosylated or undergo additional elongation and capping modifications (Top panel). Alternatively, Mgat3 may add a bisecting GlcNAc residue which blocks Mgat4

and 5 activity thereby preventing tri- and tetra-antennary and further terminal diversification (bottom). The presence of a bisecting GlcNAc also hinders core

fucosylation (red triangle) and reduces the capacity for downstream elongation and capping. [All glycan symbol structures in this figure and throughout this document

were made using software from Cheng and coauthors (30)].

the substrate UDP-GlcNAc creating an ultrasensitive cascade
(Figure 2) that usually limits branching to bi-antennary
structures (e.g., as shown in Figure 3 for a typical IgG mAb)
(43, 50).

N-Glycan branching plays numerous roles in regulating
the immune system ranging from T-cell activation (38, 51),
autoimmunity (38, 51), cytokine production (52), cancer
metastasis (53), to cell proliferation and differentiation (54).
From an immunotherapy perspective, N-glycan branching
influences the physicochemical properties and the metabolic
turnover of immunotherapeutics by modulating the overall
charge, isoelectric point, size, and valence of these molecules;
more specifically increased branching provides more sites for
sialylation giving the glycoprotein a higher negative charge
(55) that impacts physicochemical properties (see section
Design Considerations and Biomanufacturing). The serum half-
life of immunotherapeutics also is influenced by terminal
sialylation, which masks the penultimate galactose moiety from
the hepatocyte asialoglycoprotein (ASGP) receptor (Figure 3C),
reducing glomeruli clearance in the kidneys (56, 57).

Bisecting GlcNAc (Mgat3)
The discerning reader may have noted the curious omission
of Mgat3 from the previous paragraph; the reason is that
this enzyme is an outlier that counteracts several aspects of
N-glycan diversification and elongation. Specifically, Mgat3-
catalyzed addition of GlcNAc to the β-mannose of an N-glycan
in a bisecting orientation (53, 58) inhibits the activity of Mgat4
and Mgat5 negating tri- and tetra-antennary branching (and
subsequent elongation of the resultant antennary branches)
and also reduces core fucosylation (Figure 2) (41, 43, 59).
Although only a single monosaccharide, the ability of bisecting
GlcNAc to block subsequent branching and core fucosylation
has a disproportional impact on overall N-glycan structure and
bioactivity [e.g., in cancer metastasis (60–63), apolipoprotein
B function (64) and the epithelial-mesenchymal transition (65,
66)].

The potent ability of bisecting GlcNAc to modulate biological
activity makes this monosaccharide a crucial design parameter in
immunotherapy. For example, bisecting GlcNAc blocks tri- and
tetra-antennary N-glycan branching, which limits the number of
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FIGURE 3 | The role of N-linked glycosylation in mAb function and other aspects of immunity. (A) IgG type antibodies have two N-linked glycosylation sites at Asn297

of the Fc region that usually bear biantennary complex type N-glycans elongated with zero (G0), one (G1), or two (G2) galactose residues. (B) The presence of fucose

and sialic acid inhibits FcγRIIIa binding resulting in lower ADCC activity; conversely, the anti-inflammatory character of sialic acid makes its presence desirable for IVIG

therapy. (C) The presence (or absence) of sialic acid affects binding to the ASGP receptor, resulting in quick recycling of asialylated therapeutic proteins, which

reduces serum half-life. By contrast, sialylation block ASGP receptor-mediated recycling, improving pharmacokinetic properties. (D) Neu5Ac added to galactose in an

α2,3-linkage elicits a certain set of biological responses, one of which is—as part of the sLex epitope (shown in Figure 4)—to facilitate immune cell trafficking

throughout the body by enabling “tethering and rolling” steps of leukocyte extravasation from the vascular system. (E) Neu5Ac in an α2,6-linkage elicits a distinct set

of response, including binding to Siglec receptors (45), where in the example shown, adapted from Büll et al. (46), this moiety modulates macrophage activity. (F) Core

fucose, in particular in the α1,6-linkage, inhibits ADCC requiring higher mAb antibodies compared to defucosylation drug [adapted from GlycoWord (47)]. Glycans can

also result in unwanted immunogenicity ranging from mild, chronic responses emanating from Neu5Gc (G) (48), to life-threatening, anaphylactic responses from α-Gal

(H) (49).

potential sites for sialylation on a glycoprotein thereby reducing
serum half-life and altering the physicochemical properties
(sialylation is further discussed in section Sialic Acid). Similarly,
limiting N-glycan branching alters the overall structure and
composition of glycoproteins which has numerous implications
for surface charge, hydrophobicity and colloidal/conformation
stability, which is discussed further in section Physicochemical
Properties Mgat3 inhibits α(2,3)-sialylation, which can reduce
terminal sialylation or alternately, enhance α(2,6)-sialylation (67)
(Figure 3). The presence of a bisecting GlcNAc in Fc region N-
glycans in IgG antibodies increases binding affinity to FcγRIIIa
leading to a 10-20 fold increase in antibody dependent cell
cytotoxicity (68); which is consistent with the loss of core
fucosylation that can increase ADCC activity by up to∼100-fold

(69–71). Finally, Mgat3 impedes synthesis of galactose-α(1,3)-
galactose (α-Gal, Figure 3), an epitope that can elicit severely-
deleterious immunogenic responses (49, 72).

Galactose
After GlcNAc has been added to a nascent N-glycan to
form hybrid or complex structures, this moiety is commonly
elongated with galactose by a β(1,4)-galactosyltransferase, which
creates the Galβ(1-4)GlcNAc unit known as “LacNAc” (73, 74).
Additional galactose residues may be added by β(1,4)- or α(1,3)-
galactosyltransferases, either consecutively or interspersed with
other monosaccharides (e.g., GlcNAc) to create a variety of N-
glycan structures (Figure 2). Although terminal galactose has
minimal influence on ADCC activity or the pharmacological
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properties of recombinant IgGs (75, 76), it can nonetheless
impact the efficacy of various therapeutic mAbs (41, 77);
for example, increases in heavy chain galactose content can
increase CDC in rituximab (78) and alemtuzumab (79). Although
generally modest, galactose-dependent CDC has led regulatory
bodies to require strict monitoring of galactosylation patterns
of immunotherapeutics (and other biologics) with terminal
galactose groups (G0, G1, or G2, Figure 3) now a major quality
control parameter in the biomanufacturing industry (77, 80, 81).

Galactose linked to an underlying galactose via an α(1,3)-
linkage constitutes the α-Gal epitope, which can have widespread
ramifications for the safety, efficacy, and pharmacokinetic
properties of immunotherapeutics. The α-Gal epitope is common
in non-primate mammals but is absent in humans; as a result
people have circulating antibodies against this antigen, which
led to severe immunogenic responses, and even patient deaths,
in early immunotherapy trials in 2004 (49, 82, 83). Sequential
addition of GlcNAc in conjunction with galactose produces
LacNAc units that often are added preferentially to a specific
N-glycan branch resulting in structural asymmetry that impacts
function and biological recognitionthat, in one example, affects
the immunomodulatory properties of milk oligosaccharides
through tuning interactions with both pathogens and glycan
binding proteins such as galectin (84).

Fucose
Hybrid and complex type N-glycan branches often end with
GlcNAc or galactose but can also be decorated with fucose (this
section) or terminally capped with sialic acids, meaning that
typically once these sugars are added, the oligosaccharide chain
cannot be further elongated (section Sialic Acid, below). Fucose
is a prevalent modification of the complex type N-glycans; in
humans fucosyltransferases add this sugar in an α(1,2) (FUT1,2),
α(1,3/4) (FUT3-7,9), or α(1,6) (FUT8) orientation; in mammals,
Fut8 adds a fucose residue exclusively to the innermost Asn-
linked GlcNAc group (a.k.a., “core” fucosylation). Fucose can
also be added as a capping moiety to an outermost galactose
by Fut1,2 forming Lewis and blood group antigens (85, 86) (see
Figure 4).

Core α(1-6) fucose has widespread biological activity ranging
from modulating growth factors (87–89) and to affecting the
incidence and progression of cancer (90–94) while Fut8-null
mice display multiple phenotypes including semi-lethality, the
development of emphysema, brain dysfunction, and impaired
immunity (58). Based on the many biological and physiological
roles of core fucosylation, it is not surprising that this sugar plays
integral roles in immunotherapy; for example, core fucosylation
inhibits IgG binding to FcγRIIIa thereby decreasing ADCC
activity (41, 70, 71, 95–105). Conversely, defucosylation of
clinically-used mAbs including rituximab, trastuzumab, and
pertuzumab can increase ADCC activity up to two-fold (70, 71,
101, 105). Another wrinkle of core fucosylation is that α(1,3)-
fucosylation—which is prevalent in plant cells including those
under consideration for biomanufacturing (106)—can impact
mammalian immunity [e.g., through Fc receptor interactions
(107)]; as a result, the use of plant hosts for biomanufacturing
is proceeding cautiously.

Sialic acid
Sialic acids – a family α-keto acids comprised of a nine carbon
backbone with over 50 different variants—ubiquitously cap
glycans (19, 20, 108). N-Acetylneuraminic acid (Neu5Ac) is
the predominant sialic acid in humans and is typically found
at the termini of N-glycan branches where it is added to the
penultimate galactose via α(2,3)-, α(2,6)-, or less commonly,
α(2,8)-sialyltransferases (109, 110). Depending on its linkage
[e.g., α(2,3)- vs. α(2,6)-] sialic acid exhibits numerous biological
functions in nervous system embryogenesis, cancer metastasis,
immune responses, and protein bioactivity and stability (110,
111).

Relevant to therapeutics, sialic acid increases the serum
half-life of numerous recombinant glycoproteins including
erythropoietin (EPO), interferon γ, interferon α, IgG antibodies,
and serum albumin (12) by masking the terminal galactose
and GlcNAc residues from the hepatocyte ASGP receptor and
thus preventing endocytosis to prolong circulatory lifetime
(12, 57, 112). Furthermore, the negative charge of sialic acid
reduces proteolytic degradation and kidney clearance (12, 113,
114) due to its impact on physicochemical properties. Finally,
sialylation (along with fucose) can tune the immunogenicity of
antibodies (Figure 3) resulting in contrasting effects illustrated
by ADCC and intravenous immunoglobin (IVIG) therapy.
Sialylation of IgG interferes with FcγRIIIa binding reducing
ADCC activity in mouse hybridoma lines (41, 76); conversely,
this immunosuppressive activity is critical for IVIG therapy
(see section Intravenous Immunoglobulin (IVIG) Therapy).
Mechanistically, suppression of inflammation is linked to the
C-type lectin receptor-specific intracellular adhesion molecule-
grabbing nonintegrin R1 (SIGN-R1 or DC-SIGN in humans),
which requires IgG ligands with sialylated Fc glycans (115–117).

Another example of a coordinated function of sialic acid
and fucose is provided by sialyl Lewis x (sLex) (86) where
both sugars are required for selectin-mediated immune cell
trafficking (section Mesenchymal Stem Cell (MSC) Homing).
The mechanism for homing relies on the selectin family
comprised of E-selectin (CD62E), L-selctin (CD62L), and P-
selectin (CD62P) which bind to a sialofucosylated epitope,
namely sLex, in a Ca+2-dependent manner. The sLex epitope is
vital for both naïve T-cell and activated T effector cell homing to
various tissues (118).

O-Glycans
O-Glycans are monosaccharides or oligosaccharides covalently
linked to serine or threonine. Similar to N-glycans, O-glycan
synthesis is not template-based and is defined by a vast array of
possible structural permutations that play many biological and
pathological roles including: protein stability, structure, folding,
activity, metabolism, cell signaling, cell-cell interactions, and
oncogenesis (119–122). This section focuses on mucin type O-
glycans and how this category of O-linked glycosylation impacts
immunotherapeutics.

Mucin Type O-Glycans
Although there are several types of O-glycans including O-
linked GlcNAc, O-linked glucose, and O-linked fucose (120,
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FIGURE 4 | Structural diversity of mucin-type O-glycans. Mucin type O-glycan biosynthesis begins with the transfer of GalNAc to serine or threonine. The GalNAc

monosaccharaide can be left unmodified but is typically extended to create eight different core structures that can be further modified with single monosaccharides,

Lewis structural epitopes, blood group antigen groups, or other glycan epitopes (e.g., the cancer-related sT or sTn antigens).

122) this article focuses on mucin-type O-glycans because
of their relevance to immunotherapeutics. Mucin-type O-
glycans, so named because of their abundance in mucins (and
their initial isolation and characterization from mucus), are
defined by having a GalNAc at the reducing terminus (119).
Biosynthesis of mucin-type O-glycans begins in the Golgi with
the transfer of GalNAc to a Ser or Thr residue by one of
∼22 GalNAc transferases (123–125). While possible, a single
unextended GalNAc (Tn antigen) is uncommon, instead various
glycosyltransferases generate one of eight core structures (121,
122) (Figure 4A). These core structures can be further elongated
and capped (generally with GlcNAc, Gal, sialic acid, fucose) to
create numerous motifs such as the Lewis antigens (e.g., Ley, Lex,
sLex, Lea, sLea, Leb) thereby substantially increasing structural
diversity (119, 122, 126). Mucin-type O-glycans are involved
in many biological functions including fertilization, signal
transduction, cell structure, adhesion, homing, glycoprotein
clearance, stability, and of course, immunity (119, 122).

O-Glycans in Immunotherapy
An early example of O-glycosylation in immunotherapy is
provided by mucin 1 (MUC1), a transmembrane glycoprotein
overexpressed and abnormally glycosylated with Tn and sialyl
Tn antigen in adenocarcinomas, squamous cell carcinomas, and
myelomas making it a broad based cancer biomarker (127–129).
Astonishingly, in 1999 it was estimated that cancers with aberrant
MUC1 expression accounted for 72% of new cases and 66%
of deaths in all cancers (130). The widespread occurrence of
MUC1 across multiple types of cancer has made it a popular
immunotherapy target with 16 new trials initiated in 2017 alone

(127). Interest in MUC1-based cancer immunotherapy stems
from this marker’s aberrant glycosylation in tumor cells due
to truncated, highly sialylated O-glycans that occur at up to
five potential sites on each of MUC1’s 20 amino acid tandem
repeat sequence (Figure 5A). MUC1-targeting immunotherapies
fall into three general categories vaccines, mAbs, and adoptive
cell therapies. First, vaccines based on several different MUC1
antigens, such as synthetic peptides or MUC1 endogenously
expressed by plasmid, synthetic mRNA, or viral vectors are now
being tested (127–129, 131). An especially intriguing “cancer
vaccine” approach toMUC1 employsmetabolic glycoengineering
strategies (a technology described in more detail in section
Metabolic Glycoengineering) that incorporate non-natural sialic
acids into glycan structures that increase their immunogenicity
[as shown in Figure 5B and described in a series of papers
primarily from the Guo group (132–135)]. In another approach,
murine anti-MUC1 antibodies (muHMFG-1, mAB-AR20.5)
and humanized anti-MUC1 antibodies (hPAM4, AS1402) are
being evaluated in clinical trials (128, 136). Finally, autologous
dendritic cells engineered to contain MUC1 as a peptide, mRNA
or fused tumor cells have been designed to elicit immune-based
antitumoral cytotoxicity (137–139) and most recently, chimeric
antigen receptor (CAR) T-cells have been engineered to target
MUC1 and the Tn antigen with 10 current phase I/II trials
targeting MUC1 (127, 140–143).

In contrast to robust efforts to exploit O-glycans in
immunotherapy, as just illustrated by MUC1, O-glycans
largely have been overlooked as a design parameter in
the biomanufacturing of immunotherapeutics; indeed,
until a few years ago human IgGs—the largest class of
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FIGURE 5 | O-Glycans in normal and cancerous MUC1 and MUC1-based cancer vaccine development. (A) The MUC1 protein core (green) is composed of a 20

amino acid tandem repeat with each unit having five potential O-glycosylation sites. (B) MUC1 is overexpressed in numerous cancers (not shown) and is characterized

by truncated O-glycans (shown). (C) MGE can be used to introduce non-natural chemical moieties (e.g., Sia5Prop and Sia5PhAc) to enhance the immunogenicity of

tumor-associated cancer antigens (TACAs). As shown in the inset (bottom), antibodies can be developed to the glycoengineered TACAs and used to immunize a

tumor-bearing animal (D). (E) Supplementation with the MGE analog induces expression of the non-natural version of the TACA, resulting in tumor-selective binding

and stimulation of the immune system to recognize and eradicate the tumor (F).

immunotherapeutics—were not thought to contain O-glycans. It
is now known, however, that the hinge region of several classes of
human immunoglobins including IgA (144–146), IgD (147, 148),
as well as IgG (149, 150) have potential O-glycosylation sites.
Specifically, IgA1 has nine potential O-glycosylation sites with
three to five typically occupied (146, 150); IgD has six potential
sites (148, 151); and human IgG has three potential sites with
occupancies between 10 and 13% for IgG3 (150). Although
relatively little is known about how O-glycosylation modulates
the activity, specificity, or stability of mAbs it has been shown
O-glycosylation plays an important role in Fc-fusion protein
serum longevity. Notably, increased sialylation of the O-glycans
of etanercept (tumor necrosis factor α receptor II-Fc-fusion) and
BR3-Fc fusion enhance serum half-life (152, 153). Similar to N-
glycans, this effect is attributed to sialic acid’s ability to mask
galactose from ASGP receptors preventing degradation in the
liver (41). In the future, as the biological implications of mAb

O-linked glycosylation are uncovered, the biomanufacturing
industry (section Design Considerations and Biomanufacturing)
likely will focus additional effort on controlling mucin-
type O-glycosylation. At present O-glycans nevertheless
provide an attractive “chemical handle” for conjugation
reactions to improve glycoprotein pharmacokinetics. For
example, GalNAc-transferases have been used to modify
recombinantly-produced proteins with polyethylene glycol
(PEG), a technology termed GlycoPEGylation (154). Covalently
attaching PEG to recombinant proteins can augment serum
half-life, pharmacokinetic and pharmacodynamic properties.
Typically, recombinant proteins are PEGylated through amino
acid residues, however it is vital to avoid conjugating PEG to
amino acids in or near an active site or, formAbs, near the antigen
recognition domain (155). This issue can be circumvented by
targeting O-glycans, which are usually located away from an
active site (156, 157). GlycoPEGylation is predominantly used
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for recombinant therapeutic proteins expressed in Escherichia
coli that lack endogenous mucin-type O-glycosylation and
occurs in two general steps: (i) GalNAc-transferase adds a
GalNAc to a Ser/Thr residue and (ii) CMP-Neu5Ac with
covalently-attached PEG is added by a sialyltransferase. This
technology has been employed for two clinically approved
biologics: granulocyte/macrophage colony stimulating factor,
and interferon-α2b (154, 158).

Glycolipids
Glycolipids—a third major class of glycans—are perhaps
an unlikely candidate for immunotherapy considering their
longstanding role in provoking severe, detrimental immune
responses (e.g., sepsis) that remains an increasing source of
mortality in American hospitals (159). Sepsis is triggered
by highly-immunogenic, microbe-derived Lipid-A-linked oligo-
or polysaccharides that typically contain non-mammalian
monosaccharides (Figure 6) (163). Interestingly, in 2009 Piazza
and coworkers were able to rationally design glyco- and
a benzylammonium-modified lipids that function as lipid-A
antagonists and inhibit lipopolysaccharide-induced septic shock
in vivo (162). This class of molecules provides a “small molecule”
example of an immunotherapeutic that mimics IgG antibodies
in that the compound’s inherent immunomodulatory ability can
be tuned up or down by chemical structural modifications. Since
then, “immunopharmacy” efforts have continued to develop lipid
A variants for vaccines and other therapies, as summarized by
Wang and coauthors (164).

Mammalian glycosphingolipids (GSLs), comprised of a
sphingolipid, fatty acid, and carbohydrate (Figure 7) provide
another example of immunotherapy. GSLs are part of the cell
membrane with various biological functions including cellular
adhesion, cell-cell interactions, signal transduction, oncogenesis,
ontogenesis, and immunogenicity (165–167). To date, efforts
to exploit GSLs in immunotherapy have focused on cancer;
these molecules are aberrantly expressed in a variety of
cancers including breast, lung, colorectal, melanoma, prostate,
ovarian, leukemia, renal, bladder, and gastric thereby constituting
attractive broad-based diagnostic biomarkers and providing
potential targets for cancer immunotherapy (168). Notably,
multiple antibodies are in preclinical and clinical trials that target
GSLs including GD2 (169), GM2 (170), Neu5GcGM3 (171), Gb3,
Gb4, and Globo H (172). Another GSL, α-GalCer, has potential
anti-tumor activity and is currently in phase 1 clinical trials in
high risk melanoma patients (173).

Finally, from the perspective of the production of
immunotherapeutic products, inhibition of GSL biosynthesis
in Chinese hamster ovary (CHO) cells can enhance sialylation;
for example, repressing the GSL biosynthetic enzyme UDP-
glucose ceramide glucosyltranferase increased recombinant
EPO sialylation. Interestingly, GSL inhibition did not change
CMP-Neu5Ac levels in the Golgi or cytoplasm, suggesting
that CMP-Neu5Ac was diverted to EPO sialylation as part of a
dynamic equilibrium between GSL and N-glycan biosynthesis
(174). Overall, this study provides an option for modulating
GSL biosynthesis as a glycoengineering strategy to produce
glycoproteins with favorable glycoforms.

GLYCODESIGN OF
IMMUNOTHERAPEUTICS

Over the past 30 years immunotherapy has moved from a focus
on vaccines to encompass a diverse array of treatments with
glycosylation now firmly established as a key parameter in
the design, development, and production of virtually all types
of immunotherapeutics. Here, we describe specific examples
of how glycosylation impacts and modulates the efficacy of
antibody-, recombinant protein-, and cell-based therapies
while highlighting glycoengineering techniques that can
ameliorate problems (e.g., safety) and enhance bioactivity and
pharmacokinetics during the development and manufacturing
of immunotherapeutics.

Antibodies
Antibodies’ ligand-specific targeting and their ability to elicit
downstream effector functions (175) have established them
as one of the largest classes of biologics overall and as the
dominant commercial immunotherapeutic. As described in the
following sub-sections, these versatile immunotherapeutics fall
into several—often overlapping but sometimes very distinct—
categories; several of these categories are summarized with a
focus on the role of glycosylation.

Blocking Antibodies
Blocking antibodies, as their name implies, are designed to bind
to a biological target and by doing so, diminish its activity;
for example, Cetuximab (a.k.a., Erbitux)—a pioneering cancer
immunotherapeutic from ∼20 years ago—blocks epidermal
growth factor receptor activation and downstream oncogenic
signaling (176–178). Interestingly, this early immunotherapeutic
alerted the biomedical community to the importance of glycans
when several patients suffered severe immune reactions to the
α-Gal epitope (Figure 3) (49). As an aside, this unfortunate
incident provided impetus for the subsequent transition of
almost all recombinant mAb production to CHO cells (discussed
in more detail in section Chinese Hamster Ovary (CHO) Cells)
(6, 179, 180). Despite these early setbacks, interest in blocking
antibodies remains strong with the programmed death ligand-
1 (PDL1) providing a recent high-profile example. PDL1 is
a transmembrane protein [which is glycosylated itself (181)]
that binds to the programmed cell death protein-1 (PD1)
thereby inhibiting T lymphocyte proliferation and cytolytic
activity, immune suppression, and cytokine production (181).
PDL1-blocking antibodies alleviate these inhibitory PDL1/PD1
interactions and reactivate T-cells to fight cancer (181, 182) with
promising results against both leukemias and solid tumors (183).
One recent study developed a mAb targeting glycosylated PDL1
in triple negative breast cancer cells which blocks PDL1/PD1
interactions and enhances PDL1 internalization and degradation.
Furthermore, conjugating the anti-mitotic drug monomethyl
auristatin E to this mAb resulted in significant cytotoxicity to
cancer cells expressing glycosylated PDL1 with limited host
toxicity (184).
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FIGURE 6 | Structure of lipopolysaccharide (LPS). (A) Glycolipids, exemplified by bacterial structures such as LPS contain the Lipid A, and inner core, an outer core,

and the O-antigen, which varies based on species and strain [Salmonella enterica Serotype Typhi is show (160)]. (B) LPS glycans contains a variety of non-mammalian

monosaccharides, which contributes to their immunogenicity and provokes sepsis [(A,B) are adapted from Saeui et al. (161)]. (C) Medicinal chemistry efforts have

exploited the Lipid A structure to create anti-inflammatory analogs [three are shown, from Piazza et al. (162)] that are promising anti-sepsis agents.

Antibody-Dependent Cell Cytotoxicity (ADCC)
ADCC is a cell-mediated immune defense where effector cells
(typically natural killer cells but also macrophages, neutrophils,
and eosinophils) actively lyse a target cell whose membrane-
surface antigens have been bound by specific antibodies (185).
In immunotherapy, antibodies are designed to selectively coat
cancer cells, targeting them for eradication by Fc receptor
effector cells (186). ADCC can be improved (or hindered)
by glycosylation as illustrated by the glycosylation profiles of

anti-HIV monoclonal antibodies (187) and the role of fucose
and sialic acid in ADCC, as outlined by Ravetch and coauthors
(101, 102, 188, 189); the “take home” message is that sialylation
and core fucosylation generally inhibit ADCC, positioning
simpler N-glycans that lack sialic acid, and especially fucose
(e.g., as shown in Figure 3) as ideal glycoforms for antibodies
designed to elicit ADCC. Interestingly, certain mAbs intended
to block biological activity (section Blocking Antibodies) also
elicit ADCC thus doubly benefitting cancer immunotherapy;
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FIGURE 7 | Glycosphingolipids (GSL) structures and role in immunotherapy. (A) Human GSLs are derived from ceramide upon addition of galactose (to form

“GalCer”) or, more commonly, addition of glucose (to form “GlcCer”); a fraction of GlcCer is further elaborated with galactose to form “LacCer,” which is the building

block for lacto(neo)series, globosides, and gangliosides as cataloged elsewhere (21); here [in (B)] we show several GSLs currently targeted by immunotherapy.

indeed, the pioneering drug Cetuximab fits this criteria (190,
191).

Intravenous Immunoglobulin (IVIG) Therapy
In contrast to ADCC where sialic acid is unwanted, this
sugar is critical for immunosuppression as illustrated by IVIG
therapy, which is used to treat a wide range of autoimmune,
infectious, and inflammatory diseases (115, 188, 192–194). In
IVIG therapy, patients are dosed with concentrated IgG collected
from pooled plasma (195). Although sialylation is not the
sole determinant of the anti-inflammatory response underlying
IVIG therapy (194), efficacy is enhanced by sialic acid (188).
Because only ∼10% of IgG Fc glycans are sialylated (with
just 1–3% disialylated), very high doses (e.g., 1–2 g/kg) of
IgG are required for IVIG therapy (9, 188, 196). A study
by Washburn et al. where tetra-Fc sialylation of recombinant
human IgG1 was achieved by the enzymatic addition of sialic
acid showed up to ∼10-fold higher anti-inflammatory activity
than unsialylated IVIG across multiple animal models (18,
194).

Antibody Drug Conjugates (ADCs)
ADCs are an emerging class of therapeutics that leverage the
specificity of mAbs to minimize off-target effects of small
molecule drugs (197, 198). Historically, conjugation of drugs
to antibodies typically utilized amino acids such as lysine and

cysteine. However, with ∼30 surface-exposed lysines and 8
hinge cysteines this strategy yields a heterogenous ADC mixture
with a wide distribution of drug antibody ratios resulting
in suboptimal pharmacokinetic properties, lower efficacy, and
reduced specificity (197, 199, 200). An alternative approach to
attach a drug to an antibody is to exploit the glycans located at
Asn-279 in the IgG domain as a “chemical handle”—for example,
mild oxidation of the terminal sialic acid creates an aldehyde
capable of drug conjugation via oxime or hydrazone ligation
(201, 202). One pitfall in this approach is that IgG Fc-region
glycans are poorly sialylated (<10%) (9) but efforts are underway
to increase sialylation or incorporate non-natural sialic acid
groups through metabolic glycoengineering (203) (Figure 8A).
Alternative strategies include utilizing IgG antibodies with
fragment antigen-binding (Fab) glycosylation or targeting fucose
instead of sialic acid, a strategy that has been demonstrated with
6-thiofucose (204). Once the glycan moieties of an antibody
have been chemically remodeled, a variety of chemoenzymatic
ligation methods are available to attach a drug including copper
catalyzed or strain-promoted alkyne:azide “click” reactions (197,
205–207) (Figure 8B). Interestingly, ADCs can evoke multiple
facets of activity, for example drug-conjugated gPD-L1 antibody
(which is the PDL1 blocking antibody mentioned in section
Blocking Antibodies) induces a potent cell-killing effect as well as
a bystander-killing effect on adjacent cancer cells lacking PD-L1
expression (184, 208).
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FIGURE 8 | Glycoengineering mAbs for enhanced sialylation and glycan-targeted ADC production. (A) Cells can be supplemented with ManNAc or analogs (e.g.,

Ac4ManNAc or 1,3,4-O-Bu3ManNAc), which intercept and increase flux through the sialic acid biosynthetic pathway with the indicated relative efficiencies (“R.E.”

values) increasing sialylation of recombinant glycoproteins, such as mAbs. (B) Alternatively, cells can be supplemented with analogs containing non-natural chemical

moieties (e.g., Ac4ManNAz or 1,3,4-O-Bu3ManNAz to install azide groups or Ac46-Thio-Fuc to install thiols). These functional groups, which do not naturally occur in

glycans, constitute chemical handles for conjugation to small molecules including drugs, toxins, or imaging agents.

Single Domain Antibodies and Nanobodies
Canonical antibodies are complex, glycosylated molecules
comprised of Fab domains linked to a constant Fc region via a
flexible hinge region; furthermore, many antibodies are linked
to proteins, toxins, small molecule drugs, or radionuclides that
increases their size and complexity (209–211). These properties
can lead to incorrect domain association and aggregation (6,
212). To circumvent these pitfalls, efforts have been made
to engineer mAbs with smaller sizes and fewer domains.
This idea was galvanized in the 1990s by the discovery that
Camelidae (camels) produce fully functional antibodies devoid
of light chains (213). This breakthrough has escalated the
development of monovalent (Fab, single chain variable fragment

(scFv), single variable VH and VL domains) and bivalent
(Fab’2, dibodies, minibodies) antibody-derived fragments now
generally termed single domain antibodies or nanobodies. Single
domain antibodies and nanobodies are advantageous due to their
small size, high solubility, thermal stability, versatility, refolding
capacities, reduced aggregation, high tissue penetration, lack
of requirement for PTMs, and ability to be produced in
nonmammalian cells (212, 214–216). These properties make
single domain antibodies and nanobodies especially attractive for
imaging, blocking, and neutralization applications (212, 215).

Although the non-essentiality of PTMs has been a “selling
point” for single domain antibodies and nanobodies, glycosites
can nevertheless ameliorate and expand the utility of this class
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of antibodies. For example, PEG conjugated to the N-glycan of
scFv increased serum half-life ∼10-fold (217). Another study
showed that fusing a single domain antibody with N-linked
glycosylation to one lacking glycans improved the construct’s
ability to neutralize foot-and-mouth disease virus 4-fold (218).
Interestingly, shark and camel single domain antibodies can
naturally contain sites of glycosylation; although the functional
importance these glycans is currently unknown (215). These
studies suggest that glycosylation can be used to augment the
efficacy of single domain antibodies and nanobodies at least
in part through physicochemical considerations (section Design
Considerations and Biomanufacturing).

Additional Immunomodulatory
Glycoproteins
In addition to antibodies, the largest category of today’s
immunotherapeutics (219), many other glycoproteins modulate
immunity. Three of these (interferons, interleukins, and colony-
stimulating factor) that have already achieved clinical translation
are summarized below.

Interferons
Interferons are a subclass of cytokines naturally produced by the
body. These signaling proteins are grouped into three subclasses
(α, β, and γ) according to their cell of origin and inducing agent.
Upon binding to their cognate receptors, interferons activate
signaling networks that provide antiviral, immunomodulatory,
and antiproliferative activity (220). Given their ability to regulate
the immune system, these cytokines have been exploited for
therapeutic purposes. For example, interferon β–a naturally
glycosylated protein—slows the progression of multiple sclerosis,
a chronic autoimmune disease resulting in demyelination of
nerve sheaths of the central nervous system (221–223). The
hyperglycosylation of interferon β enhances its biophysical and
pharmacokinetics properties by improving its physicochemical
properties (224, 225). Although non-glycosylated interferon
β is available, superior versions of glycosylated recombinant
interferon β now in clinical use include Avonex R© and Rebif R©

(226, 227).

Interleukin-2
Interleukin-2 (IL-2) is a naturally-occurring cytokine and an
early example of an immunotherapeutic protein. Recombinant
IL-2 is Food and Drug Administration (FDA) approved for
treatment of metastatic renal cell carcinoma and metastatic
melanoma with clinical trials underway for several additional
diseases (228–231). The importance of glycosylation, usually
a critical factor in the efficacy of a biologics drug, remains
ambiguous for IL-2; the World Health Organization initially
established glycosylated IL-2 as the standard for human use.
Subsequent screening of glycosylated and non-glycosylated IL-
2, however, showed similar bioactivity (232, 233) although
glycosylated IL-2 produced in Jurkat cells had superior thermal
stability. Nevertheless, T-cell-derived recombinant IL-2 is no
longer in use as a therapeutic (234). Instead, today’s FDA-
approved recombinant IL-2 (e.g., Proleukin [also known as
Aldesleukin] and other variants) is produced using E. coli, a

species that lacks protein glycosylation (235). All in all, IL-2
provides an interesting example of a biologics drug where the
role of glycosylation remains ambiguous although, based on
overwhelming evidence from other products, we would not be
surprised if superior forms of glycosylated IL-2 are developed in
the future.

Colony Stimulating Factor
Colony stimulating factors (CSFs) are potent activators
of the innate immune system that modulate the activity
and populations of granulocytes and macrophages (236),
which are critical hematopoietic cells involved in fighting
bacterial, viral, and fungal infections. Given this function,
CSFs have been explored to activate the immune system; in
particular granulocyte-CSF is commonly used to stimulate
the bone marrow to increase neutrophil production to treat
neutropenia (237). Presently, five types of granulocyte-CSF
have been produced using various expression systems including
aglycosylated variants in E. coli (molgramostim and filgrastim),
an O-glycosylated type in yeast (sargramostim), and versions
with mammalian-type glycosylation in CHO cells (regramostim
and lenograstim) (238, 239). A comparison of these various
forms of granulocyte-CSF suggests that glycosylation prolongs
serum half-life without significantly affecting biological activity
(240).

Vaccines
As mentioned earlier, vaccines pioneered the field of
immunotherapy two centuries ago (241) and remain highly
relevant today, as cancer vaccines provide another example (as
introduced for MUC1 in section O-Glycans in Immunotherapy
and outlined in Figure 5). In the modern era, glycans
have become an integral part of vaccine development with
polysaccharide-directed vaccines such as PCV13 and PPSV23
constituting a critical defense against pneumococcal infections
(242, 243) illustrating how glycoconjugates have emerged as
some of the safest and most efficacious vaccines (244). Today,
vaccine development almost always requires cognizance of
glycosylation with firmly established roles ranging from well
established, intensely studied viruses such as HIV (245, 246) and
influenza (247, 248) to sporadic and emerging threats such as the
ebola (249) and zika viruses.

Cell-Based Immunotherapy
Cell-based immunotherapy is rapidly emerging strategy that
utilizes living cells such as T-cells, dendritic cells, and
mesenchymal stem cells (MSCs) to harness the body’s natural
immune system to fight disease. In this section we review
how glycosylation impacts the efficacy and development of two
pioneering cell-based immunotherapies based on CAR T-cells
and MSCs.

Chimeric Antigen Receptor (CAR) T-cell Therapy
In 1989 Eshhar and coworkers developed a novel CAR that
combined a scFv with a transmembrane domain and an
intracellular signaling unit, CD3 ζ chain, enabling targeting to
specific epitopes and concurrent activation of T-cells without
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dependence on the major histocompatibility complex molecules
(250–252). Subsequent efforts enhanced CAR specificity, reduced
off target effects, integrated costimulatory receptors, and
increased T-cell proliferation capacity (252, 253). Current CAR
T-cell preparation involves six steps: (i) harvesting white blood
cells from the patient through leukapheresis, (ii) activating the
cells using antibody coated beads, (iii) reprogramming the T-cells
utilizing retroviruses to express CARs, (iv) expanding the CAR T-
cells ex vivo, (v) placing the patient in an immunocompromised
state via lymphodepleting chemotherapy, and (vi) transfusing the
patient with the engineered CAR T-cells (254, 255).

CAR T-cells have been engineered to target glycan epitopes
of glycolipids and glycoproteins aberrantly expressed in cancer
including TAG72 (the sialyl Tn O-glycan epitope), the Lewis y
antigen (Ley), the disialoganglioside GD2, and Tn MUC1 (256,
257). An early CAR T-cell therapy targeting TAG72 failed to elicit
a clinical response possibly due to the CARs murine origin, lack
of T-cell co-stimulation, or the affinity of the CC49 anti-sialyl
Tn mAb (256, 258). A subsequent CAR T-cell therapy against
Ley was more successful (259) showing therapeutic potential
in a phase I clinical trial (260). The ganglioside GD2, which
is commonly overexpressed in neural crest-derived tumors,
has been targeted in separate CAR T-cell studies. The first
was safe and induced tumor necrosis in vivo and provided
complete response in three out of eleven patients (261, 262). A
subsequent GD2-targeting test conducted in conjunction with
lymphodepletion resulted in improved CAR T-cell expansion in
patients but failed to significantly improve patient antitumor
response and survival time (263). Finally, the Tn and sialyl
Tn MUC1 epitopes have been targeted by CAR T-cells using a
humanized version of the 5E5 antibody (264). Although glycan-
targeting CAR T-cell therapy has yet to achieve FDA approval,
prospects are bright with 10 active phase I and II CAR T-cell trials
targeting MUC1 glycoforms alone (127, 256).

Mesenchymal Stem Cell (MSC) Homing
MSCs, which display potent immunosuppressive properties
including inhibiting proliferation and activity of T-cells,
inhibiting production of pro-inflammatory cytokines, mediating
differentiation of B cells, and inducing macrophages in vitro
(265, 266), are an emerging type of immunotherapy. Delivery of
MSCs in vivo, however, typically suffers from inefficient homing
and migration of MSCs to the target tissue (267). This pitfall
has spurred research in several laboratories to improve MSC
homing with efforts largely converging on exploiting selectin-
mediated cell trafficking to direct systemically-delivered MSCs to
sites of inflammation (or other desired locations, such as the bone
marrow) in the body (267).

Selectin-mediated cell trafficking critically depends on the
fucose-containing tetrasaccharide sLex [Neu5Ac-α(2,3)-Gal-
β(1,4)-[Fuc-α(1,3)]-GlcNAc-R, Figure 3]. MSCs lack expression
of the fucosyltransferases (Fut3-7) required for sLeX synthesis
(268, 269); without sLex MSCs have poor homing ability,
which limits their immunotherapeutic potential. This pitfall
is being overcome through a variety of strategies where MSCs
are endowed with the requisite fucosyltransferase activities
needed to create sLex motif and efficiently home to specific

locations in the body (270–274). For example, glycoengineering
via glycosyltransferse-programmed stereosubstitution and
transfection with modified mRNA has been used to drive
over expression of sLex to augment the homing capacity of
numerous cell types including hematopoietic and progenitor
stem cells (HSPCs) (275), MSCs (270), neural stem cells (276),
and lymphocytes (118, 277).

DESIGN CONSIDERATIONS AND
BIOMANUFACTURING

We begin this section by discussing how the physicochemical
properties of glycans—which have been alluded to several
times already, mostly in the context of pharmacokinetics—
impact immunotherapeutics in section Physicochemical
Properties. We then discuss, in section Cell-based Production
Options, how the selection of the appropriate host cell as
a biomanufacturing platform is crucial for endowing an
immunotherapeutic drug with appropriate glycoforms to
optimize not only physicochemical properties but also to
maintain safety and improve bioactivity. Finally, in section
Glycoengineering Approaches to Improve Immunotherapeutics
we provide an overview of “glycoengineering” strategies—that
typically complement and are fully compatible with cell-based
production platforms that are being developed to enhance future
immunotherapeutics.

Physicochemical Properties
Physicochemical considerations are critically important
during the optimization of virtually all biologics, including
immunotherapeutics. Even when the biological properties of
a potential drug are tuned for optimal efficacy during early
discovery phases, intractable “developability” issues often
crop up later related to the physicochemical nature of the
candidate. Physicochemical problems that can thwart drug
development include difficulties in formulating a biologic for
appropriate dosing, absorption to surfaces that causes large
variance in delivery, protein aggregation or stability during
storage, and solubility. Commonly employed strategies to
improve physicochemical properties, such as PEGylation
(which is mentioned above, e.g., in section O-Glycans
in Immunotherapy), can affect immunity in sometimes
unpredictable ways and also adversely impact safety (278–280).
The Guidance for Industry: Immunogenicity Assessment for
Therapeutic Protein Products published by the FDA states
that

“For proteins that are normally glycosylated, use of a cell
substrate production system and appropriate manufacturing
methods that glycosylate the therapeutic protein product in a
non-immunogenic manner is recommended (281).”
Consequently, although initially easier to implement than
undertaking efforts to optimize pharmacokinetic properties
through glycosylation, PEGylation of glycoproteins may
require more work in the end because anti-drug antibody
assays need to be developed to detect both the anti-protein
antibody as well as antibodies against PEGylated epitopes
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found on the protein. A somewhat underappreciated role
for glycosylation is the profound impact that it can have
on the physicochemical properties of proteins, many of
which are important for the developability of a lead biologic
drug candidate. The fact that glycosylation can be viewed
as “more natural” by the body (considering human types of
glycosylation only), is another advantage that promotes the
need for optimized glycoengineering strategies described in
this review. Finally, as noted above, glycosylation often tunes
biological activity (e.g., Fc effector function) in ways not
accessible through PEGylation. Below, we discuss the impact
that glycosylation has on the physicochemical properties of
therapeutic proteins and the development of biologic drug
candidates.

Protein Aggregation
Many amino acids are electrically charged, are basic or acidic,
or contain a thiol; the peptide backbone of a biologic is
therefore typically vulnerable to unwanted and difficult-to-
control chemical reactivity, and problems such as protein
aggregation are often encountered during development.
Aggregate bodies can elicit immunogenicity that ultimately leads
to the intolerance and rejection of drug candidates (282). It has
long been observed, however, that glycosylation can significantly
improve the aggregation properties of proteins. For example,
O-linked glycosylation can suppress the polymerization of
an immunomodulating protein like human granulocyte-CSF
(283). Crystallographic analysis of glycosylated interferon
β marketed by Pfizer (Rebif R©) revealed this drug was 10
times more potent than its unglycosylated counterpart due to
the prevention of the formation of large, soluble aggregates
(224, 284). In fact, interferon β produced in E. coli that is
unglycosylated quantitatively contains about 60% aggregates
that elicit antibodies in a high portion of patients while the
glycosylated form contains only ∼2% aggregates and is far less
immunogenic (285).

From a production perspective, prevention of aggregate
formation is important for improving yields of useable
drug product (286). Aglycosylation—a strategy typically
employed to simplify the production of antibodies—can increase
aggregation (287). The prevention of protein aggregation by
glycosylation is a complex physicochemical phenomenon that is
not easily rationalized simply by the attachment of a hydrophilic
constituent to a protein because glycans theoretically interact
less favorably with water than the peptide backbone (286).
Nevertheless, in theory, glycosylation slows aggregation by
increasing the molecular solvent accessible surface area of a
protein. In one study, increased glycosylation changed the
surface area of the glycoconjugates from ∼9,000 Å to ∼16,000
Å, and the exposed surface area of the protein concomitantly
decreased (from ∼9,000 Å to ∼5,000 Å), which influenced the
internal electrostatic and biophysical properties of proteins
through a steric diaelectric effect (288). Glycoengineering and
optimization of production platform glycosylation stands to
improve both the biomanufacturing process and biological drug
properties of immunotherapeutics.

Colloidal Stability
Another important physicochemical parameter that influences
aggregation is colloidal stability. Proteins have intrinsic colloidal
properties and most, if not all, biologics are administered and
stored as solutions; therefore, improving the colloidal stability
of protein therapeutics is critically important for shelf-life.
Høberg-Nielsen and co-workers, for example, demonstrated that
glycosylation promoted colloidal stability of aggregation-prone
forms of the phytase enzyme from Pheniophoria lycii (286). In
addition to the influence that N-glycans have on Fc receptor
binding, these glycans stabilize the Fc CH2 regions of mAbs by
protecting against aggregation through colloidal properties (289).
Interestingly, previous studies have shown that under conditions
of high temperature and high concentration (60◦C and 20
mg/mL) aggregation in the model protein α-chymotrypsin could
not be inhibited by a small glycan, but two or more larger
glycans improved colloidal stability and abrogated aggregation
(290). Based on this precedent, and others, the glycoengineering
of immunotherapeutics is expected to improve shelf-life and
ameliorate formulation issues by modulating of the colloidal
properties of these proteins.

Conformational Stability
Over the last 30 years nuclear magnetic resonance (NMR),
circular dichroism, Förster resonance energy transfer (FRET),
and powerful in silico techniques have provided important
insights into how glycosylation influences the secondary
structure and conformational dynamics of a protein (291).
Complementary NMR-FRET studies have shown that β-turns
followed by a surface loop transition, a commonmotif for sites of
N-linked glycosylation, have a more compact peptide secondary
structure when glycosylated with a chitobiosyl disaccharide
group. These regions adopt an open and extended Asn-turn
conformation when aglycosylated while the introduction of a
glycan results in a compact type I β-turn structure, illustrating
how glycosylation can serve as a “conformational switch” for
proteins (291, 292). These observations also correlated with the
in silico statistical calculations performed by Petrescu et al. who
surveyed 506 glycoproteins and found that N-glycans alter the
distribution of torsion angles within the protein to possibly
reduce overall flexibility (293). Similarly, earlier elegant work
revealed that oligosaccharides enhanced global dynamic stability
and the unfolding equilibrium of RNaseB, and furthermore,
this effect could be observed as far as 30 Å away from the
site of glycosylation (294). The take home message is that
glycosylation can serve to alter the equilibrium states between
folded and unfolded proteins and can help select for small
populations of conformers that have defined, stable, and precise
structure (e.g., proteins with N-glycan proximal to their β-loops).
Ultimately, this increased glycan-mediated stability complements
glycan-mediated benefits related to aggregation and the colloidal
properties of glycoproteins as discussed above.

Protection of Proteins From Oxidation
Another physicochemical feature of biologics tuned by
glycosylation is susceptibility to oxidative insult. Because
extracellular space is an oxidizing environment, the half-life,
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distribution, and efficacy of immunotherapeutics could be
enhanced by resistance to oxidative stresses ubiquitous inside
of a living organism. Again, glycosylation is beneficial because
it can protect the polypeptide backbones of proteins from
free-radical damage (295); protection was linked to the total
degree of glycosylation and not any specific glycan or sugar
moiety, indicating that “highly branched” glycans would
be broadly protective. In the model protein EPO, oxidative
damage to tryptophan that led to loss of biological activity, was
thwarted by glycosylation (296). Related to immunotherapy,
oxidation of methionine and tryptophan triggers the degradation
of monoclonal antibodies (297, 298) and interferons are
also susceptible to oxidation (299–301). In general, oxidized
proteins also are immunogenic, an unwanted attribute of
immunotherapeutic drugs; interestingly, despite earlier examples
where glycans were the source of immunogenicity (e.g., for α-Gal
or Neu5Gc, Figure 3) the examples provided in this paragraph
illustrate how glycans can instead be protective by minimizing
oxidative damage.

Physicochemical Conclusions
Although the impact of glycosylation on immunotherapeutics
is often focused on biological function, glycans also have a
powerful ability to tailor physicochemical features critical for
clinical translation and commercial developability. Specifically,
glycosylation can optimize physicochemical considerations
of biologics to improve features such as shelf-life, colloidal
stability, resistance to oxidation, and the avoidance of
unwanted immunogenicity. Although synthetic techniques
such as PEGylation have been extensively used to improve
physicochemical properties, control of glycosylation—achieved
through appropriate selection of cell line for production (section
Cell-based Production Options) or through glycoengineering
methods (section Glycoengineering Approaches to Improve
Immunotherapeutics)—can potentially provide superior results
because glycosylation has been developed by nature over
hundreds of millions of years to finely regulate the biology of
proteins.

Cell-Based Production Options
Early generations of immunotherapeutics, such as vaccines,
largely were produced in embryonated eggs or collected from
animal products and human blood donations (5, 302). Today’s
immunotherapeutics, however, exploit recombinant DNA
technology to produce proteins in cell-based manufacturing
platforms (whereas certain immunotherapies, as discussed
above [section Cell-based Immunotherapy], consist of the cells
themselves). Cell-based biomanufacturing efforts have explored
a wide range of expression systems including non-mammalian
(bacteria, yeast, plant, and insect) and mammalian (human,
hamster, and mouse) cells (179) to optimize product yield and
install appropriate PTMs. From 2004 to 2013 biopharmaceuticals
approved by the FDA and European Medicines Agency (EMA)
were predominantly obtained from mammalian cells (56%),
E. scoli (24%), Saccharomyces cerevisiae (13%), insect cells (4%),
and transgenic animals and plants (3%) (303). The majority of
products, obtained from mammalian cells, includes virtually

all recent therapeutic proteins (including immunotherapeutics)
where PTMs, especially glycosylation, can be optimized for
safety, biological activity, function, stability, physicochemical
properties, and pharmacokinetics (2, 111, 304). For this reason—
after providing a brief synopsis of non-mammalian options
(section Non-mammalian Cell lines)—we focus on the selection
of mammalian expression systems used in biomanufacturing
beginning with the use of human (section Human Cell Lines)
and murine (section Murine Cell Lines) cell lines used in the
early production of modern immunotherapeutics (i.e., mAbs).
As discussed below, each of these cell lines had substantial
pitfalls, leading to today’s consolidation of production in CHO
cells (section Chinese Hamster Ovary (CHO) Cells).

Non-mammalian Cell Lines
Insulin, the earliest recombinant human protein, was produced
in E. coli, which benefits from low cost and high productivity
(303, 305). Although a few biologics are still produced in
E. coli (e.g., IL-2, as described in section Interleukin-2),
the lack of N-glycans that ensure quality control during
folding (306) makes prokaryotic production untenable for
most glycoproteins including mAbs. Yeast (S. cerevisiae
and Pichia pastoris) provide another high productivity, low
cost production platform (307, 308) and—being eukaryotic
cells—do have N-glycans; yeast glycans, however, tend to
be highly mannosylated which reduces serum longevity
thus compromising pharmacokinetics and also impacting
downstream effector functions (309). Even though efforts have
been made to “humanize” yeast glycosylation, these cells have
not become a widely-accepted biomanufacturing platform (309).
Finally, insect (e.g., Trichoplusia and Drosophila) cells have
been investigated for recombinant glycoprotein production, but
despite efforts to humanize glycosylation (310–312), these cells
also have substantial pitfalls for biomanufacturing including
minimal sialylation ability (311, 313).

Human Cell Lines
The inability of the initial bacterial, yeast, and insect production
platforms to produce properly glycosylated human proteins led
to production efforts in human cells. The first immortalized
human cell line, HeLa, was derived from cervical cancer in
1951 (314) and paved the way for the development of other
immortalized human cell lines, notably human embryonic kidney
293 (HEK293) and fibrosarcoma HT-1080 cells used to produce
viral vaccines (106, 180, 315). However, it wasn’t until ∼2001
that the first therapeutic glycoprotein produced in human cells
(HEK293), Drotecogin alfa, was approved by the FDA and EMA;
since then several glycoprotein immunotherapeutics have been
produced in human cells primarily in the HEK293 and HT-1080
lines (179).

Human cells offer important advantages over other
production platforms including the ability to closely mimic
PTMs, particularly glycosylation, naturally found in people.
For example, human cells lines express Mgat3, α(1,3/4)-fucosyl
transferase, and α(2,6)-sialyltransferse which are silent or
missing in CHO cells. Furthermore, human cell lines do
not produce immunogenic structures, such as α-Gal and
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N-glycolylneuraminic acid (Neu5Gc), thus minimizing safety
and compatibility concerns. These factors reduce the need to
genetically engineer cells and limit the cost of downstream
processing (106, 180, 316). Although human cells have these
attractive features as production platform, they also have
substantial limitations and drawbacks. For example, human
lines suffer from low growth rates, production capacities, and
protein yields making them impractical for the production
of many therapeutic proteins including mAbs. Furthermore,
the absence of a species barrier makes human cell lines a
significant safety risk due to the potential for contamination and
transmission of human pathogens. In theory, these disadvantages
can be overcome with advances in technology and adherence
to stringent good manufacturing practices (106, 180, 316); in
practice, most immunotherapeutics are now produced in rodent
cells, as described next.

Murine Cell Lines
Murine myeloma cells, predominantly NS0 and Sp2/0, are
another cell platform that is periodically used for the production
of recombinant glycoproteins. Both the NS0 and Sp2/0 cell
lines were developed from tumors and subsequently genetically
engineered to stop producing their native immunoglobins yet
retain the cellular machinery to secrete recombinant proteins at
high levels (317, 318). Accordingly these lines have been used
to produce of the commercial mAbs Cetuximab, Palivizumab,
Dinutuximab, Necitumumab, and Elotuzumab (179, 180, 319).
A downside of murine cells is their ability to incorporate α-
Gal and Neu5Gc into glycans, thereby presenting a considerable
risk of immunogenicity (49, 320, 321). Thus, murine cells used
for therapeutic protein production must be thoroughly screened
for clones lacking these immunogenic epitopes while producing
desirable glycan profiles.

Chinese Hamster Ovary (CHO) Cells
In 1986 tissue plasminogen became the first FDA-approved
recombinant biopharmaceutical to be produced in CHO cells
(180, 316, 322); since then these cells have become the
predominant manufacturing platform for biologics producing
an estimated 70% of recombinant biopharmaceutical proteins
(2, 323, 324). Furthermore, over 90% of commercial antibodies
are now produced in CHO cells (6, 179, 180). The success of CHO
cells in commercial biomanufacturing stems from several key
advantages. First, CHO cells can be grown in large bioreactors as
a cell suspension in serum-free, chemically-defined media while
maintaining high production rates. From a safety perspective,
many viral entry genes are not expressed in CHO cells and
there is a species barrier that minimizes risk of transferring
infectious agents to humans (325, 326). Furthermore, over the
past three decades the extensive documentation that CHO cells
are safe hosts aids in facilitating regulatory approval to bring
immunotherapeutics to the market (316, 322). Perhaps most
importantly, CHO cells produce recombinant glycoproteins with
compatible glycoforms that are bioactive in humans (179, 180,
322, 327).

Despite the advantages of CHO cell production platforms,
shortcomings exist. CHO cells (as with most mammalian cell

lines) retain the ability to produce glycans not found in humans
including α-Gal and Neu5Gc (320, 328). Humans inherently
express antibodies against these immunogenic epitopes that
can lead to severe, potentially fatal immunogenic responses
and/or negate the effects of immunotherapeutics (49, 320, 321).
However, the levels of α-Gal and Neu5Gc are relatively low
(<2% Neu5Gc and <0.2% α-Gal) in CHO cells, meaning
this issue can be circumvented by selecting clones lacking
these non-human epitopes (179, 320). CHO cells also lack
certain types of glycosylation found in humans, such as α(2,6)-
sialylation, α(1,3/4) -fucosylation, and bisecting GlcNAc (329–
332). Overcoming these differences by “humanizing” CHO cell
glycosylation is, at least in theory, possible through genetic
and metabolic “glycoengineering” approaches, as discussed
next in section Glycoengineering Approaches to Improve
Immunotherapeutics.

Glycoengineering Approaches to Improve
Immunotherapeutics
Various approaches to modulate glycans in living cells—
i.e., “glycoengineering” methods—have developed over the
past ∼3 decades during the same time as the importance
of glycosylation in immunity has been unraveled. Today,
these parallel developments have set the stage to employ the
various glycoengineering strategies now available to generate
recombinant proteins (or even entire cells) with desirable
glycan profiles (12, 333, 334) during immunotherapeutic design
and manufacturing. Glycoengineering falls into two main
approaches: genetic and metabolic; we will discuss specific
examples of both approaches while describing general strengths
and drawbacks to each approach. Although glycoengineering
strategies are being developed for many production platforms
[bacteria (161), yeast (335), plants (336), insects (337)], we will
focus our discussion onmammalian cells used to produce the vast
majority of today’s immunotherapeutics.

Genetic Approaches to Glycoengineering
Many genetic approaches have been used to target glycosylation
pathways and enzymes via gene knockdown, knockout,
overexpression, knockin, and selective nucleotide mutation.
These “genetic engineering” strategies have been used to reduce
or silence undesirable glycosyltransferase activities, enhance
glycosyltransferase activities, activate endogenously silent
genes, introduce new glycosites, mimic hypomorphic disease
mutations, and insert foreign genes (334). In recent years,
genetic glycoengineering has been galvanized by the discovery
and development of zinc-finger nucleases, transcription
activator-like effector nucleases (TALENs), and clustered
regularly interspaced short palindromic repeats/targeted Cas
endonuclease (CRISPR/Cas) technology (334, 338, 339). A
strength of genetic approaches is their versatility and ability
to make permanent cellular modifications; however, genetic
approaches have limitations such as off-target effects, inefficient
in vivo delivery systems, confounding epigenetic regulation of
glycosylation pathways, and unpredictable alterations to cellular
physiology (334, 340).
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Sialic acid is one of the most frequently targeted
monosaccharides for glycoengineering due to its manifold
impact on the pharmacokinetics of recombinant glycoproteins
in general and its specific impact on bioactivity in ADCC,
IVIG, and ADCs. Genetic manipulation of sialyltransferases
constitutes a common approach to glycoengineer sialic acid;
in particular β-galactoside α(2,6)-sialyltransferases (usually
ST6GAL1) in CHO cells enables the production of glycoproteins
with both α(2,3)-sialic acids (from the cells’ endogenous
STs) and α(2,6)-linked sialic acids (from the newly-expressed
ST6GAL1), similar to glycoproteins produced in humans
(339, 341–343). In addition, overexpression of ST6GAL1 (or
other sialyltransferases) increases the overall sialylation of
therapeutic glycoproteins including EPO (343–345), tissue
plasminogen activator (342, 346), interferon γ (347, 348), and
IgG (346, 349, 350). Other studies have targeted the preceding
step, the addition of galactose, to enhance terminal sialylation
levels. Multiple studies have demonstrated that concomitant
over-expression of β(1,4)-galactosyltranferase and α(2,3)-
sialyltranferase in CHO cells yielded increased sialylation and
galactosylation in EPO, IgG, and tissue plasminogen activiator
(344, 346). Another strategy is to overexpress Mgat4 and 5 to
increase tri- and tetra-antennary branched N-glycans, thereby
creating more sites for terminal sialylation; this strategy has been
employed in EPO (345), albumin EPO (351), and interferon γ

(352, 353).
Another strategy for improving sialylation targets enzymes

and transporters in the sialic acid biosynthetic pathway to
increase CMP-Neu5Ac levels. One approach recapitulated
point mutations in the bifunctional enzyme UDP-GlcNAc 2-
epimerase/ManNAc kinase (GNE) associated with sialuria (354,
355), a congenital disease that leads to excessive synthesis of
sialic acid due to the absence of feedback regulation (356), which
led to increases in intracellular CMP-sialic acid levels and EPO
sialylation (357, 358). Although increasing intracellular CMP-
Neu5Ac levels can increase glycoprotein sialylation there may
be a saturation point due to the inefficiency of the CMP-sialic
acid transporter responsible for transporting CMP-Neu5Ac to
the Golgi. To overcome this barrier one study overexpressed
CMP-sialic acid transporter in CHO cells, but only saw modest
increases (4–16%) in interferon γ sialylation (359). Inhibiting or
eliminating sialidases (or neuraminidases) is a complementary
strategy for enhancing glycoprotein sialylation; these enzymes are
glycosidases that catalyze the hydrolytic removal of sialic acid
from glycoproteins, glycolipids, and polysaccharides (360). One
study utilized short interfering RNA and short-hairpin RNA to
lower expression of the Neu1 and Neu3 sialidase in CHO cells,
which increased recombinant interferon γ sialylation by up to
33% (361).

In another approach, genetic glycoengineering can be utilized
to introduce new glycosites into glycoproteins through creation
of the Asn-X-Ser/Thr consensus sequence for N-glycosylation.
This approach is illustrated by darbepoetin alfa, a genetically
modified form of EPO that has five (instead of three) N-
glycan sites (362); this enhanced level of glycosylation improved
serum longevity ∼3-fold (362) but was accompanied by adverse
effects such as increased risk of stroke (363). (As a caveat,

there is no evidence from carefully controlled studies that
increased risk is a general feature of over-glycosylated therapeutic
proteins beyond darbepoeitin alfa or a direct consequence of
the newly-installed glycans). Another interesting example of
“building in” N-glycosites is provided by Ibalizumab, where the
strategic addition of an N-glycan to this mAb improves its HIV-
neutralizing activity (364). In the future, installation of glycans on
various immunotherapeutics, e.g., Camelidae antibodies (section
Single Domain Antibodies and Nanobodies), may prove enhance
the physicochemical properties and translational potential of
these emerging drugs.

Metabolic Glycoengineering
The second major strategy to control glycosylation is metabolic
glycoengineering (MGE), where living cells or entire organisms
are supplemented with monosaccharide precursors that either
increase natural flux through a biosynthetic pathway (Figure 8A)
or increasingly, substitute natural metabolites with their non-
natural counterparts (Figure 8B). The exogenously-supplied
synthetic monosaccharides are processed by the biosynthetic
pathway, ultimately yielding glycans with enhanced glycoforms
(e.g., improved sialylation) or non-natural chemical groups (203,
365, 366). Historically the sialic acid biosynthetic pathway has
been the premier target of MGE due to this pathway’s tolerance
for non-natural variants of mannosamine or sialic acid (203).
One advantage of MGE is its simplicity, where an analog can
be directly added cell culture medium to exploit the intrinsic
cellular machinery without any need to genetically manipulate
the host cell, thus averting off-target complications. However,
MGE can be non-trivial because of the need for custom synthesis
of the required monosaccharides and expensive to implement on
an industrial scale because their concentration in culture media
must be maintained to obtain a desired glycan profile (203, 365).

One application of MGE relevant to immunotherapy
involves increasing therapeutic glycoprotein sialylation through
supplementation with ManNAc (367), this strategy, outlined in
Figure 8A in the context of IgG antibodies has the potential to
increase the physicochemical and pharmacokinetic properties of
these antibodies, endow them with anti-inflammatory activity
needed for IVIg therapy, or provide sialic acids required
for ADC production [Neu5Ac can be oxidized to contain
an aldehyde group allowing for drug conjugation via oxime
ligation (201)]. A pitfall for ManNAc supplementation is that
millimolar concentrations of ManNAc are required, which
increase intracellular CMP-sialic acid levels up to 12-fold but
only produces moderate gains in protein sialylation (368–370);
the requirement for large concentrations of ManNAc (e.g., 20–
50mM) to achieve modest improvements are impractical from
a biomanufacturing perspective due to the cost of ManNAc
($20 / g or higher). Efforts have long been underway to
improve the efficiency of monosaccharide analogs intended
as metabolic supplements ranging from fluorinated ManNAc
analogs in the early 1980s (371) to disaccharides in the mid-
1990s (372) to non-natural ManNAc analogs used in MGE in
the late 1990s (372) through peracetylation (e.g., as illustrated by
Ac4ManNAc, Figure 8A). Despite improving efficiency by∼900-
fold (373), growth inhibition and cytotoxicity (374, 375) limit
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the application of per-acetylated analogs in a biomanufacturing
setting. To circumvent these issues our group has developed (376,
377) and characterized (378) butyrated ManNAc analogs that
can be applied to culture medium in micromolar concentrations.
The analog’s butyrate groups enhance cellular uptake by∼2,100-
fold and are subsequently cleaved by nonspecific esterases
allowing the ManNAc to intercept and increase flux through
the sialic acid biosynthetic pathway (379). Supplementation
of CHO cells with the “high-flux” ManNAc analog (1,3,4-O-
Bu3ManNAc, Figure 8A) improves EPO and IgG sialylation
(Figure 8) (380, 381) and in theory, could be used to augment
the pharmacokinetic and physicochemical properties of any
recombinant immunotherapeutic.

In a second MGE-based approach, ManNAc analogs
can be used to install non-natural chemical moieties into
glycans (Figure 8B), in essence creating a chemical handle
for bioorthogonal conjugation of small molecules including
toxins, drugs, genes, imaging agents, and polymers (203). This
strategy has been used to incorporate numerous non-natural
functional groups such as ketones (382–384), azides (377, 385),
alkynes (386), diazirines (387), aryl azides (388), and thiols (389)
into glycans for subsequent conjugation via click chemistry.
A sialic acid-based MGE approach can be used to introduce
conjugation sites restricted to the Fc region of mAbs for
developing ADCs (373, 390, 391); similarly, the fucose-replacing
analog 6-thiofucose can introduce thiol moieties into 70% of IgG
heavy chains with 90% conjugation efficiency to small molecule
drugs via maleimide chemistry (204). As superior metabolic
analogs [e.g., butyrated ManNAz [1,3,4-O-Bu3ManNAz],
Figure 8B (377)] and conjugation chemistries [e.g., strain-
promoted alkyne:azide cycloaddition (376, 377)] are developed
we anticipate a bright future for MGE-based ADCs.

Combined Genetic and Metabolic Engineering

Approaches
The field of MGE has often been regarded as a genetically
“silent” method to label glycans based on the assumption that the
“glycosylation machinery” of a cell is not substantially perturbed
while processing the exogenously-supplied sugars required for
this methodology. While this premise is basically accurate,
our group (and others) have described how metabolic flux
engendered by MGE monosaccharide analogs (and even natural
sugars) can on occasion affect the expression of “glycogenes”

with this effect most well studied for the sialic acid biosynthetic
pathway (392–395). The ability of MGE analogs to affect gene
expression and cell physiology extends beyond glycogenes per se
and can have a profound impact on cellular processes such as
cell differentiation (396–398). We briefly mention these effects
both to caution researchers to the complex interplay between
metabolic, genetics, and cell fate that can occur during MGE
interventions but also to highlight the opportunities to use this
technology to tune biological activity, which we fully anticipate
will facilitate future generations of immunotherapy.

CONCLUSION AND FUTURE
PERSPECTIVES

Over the past 30 years immunotherapy has become the
most promising approach for developing new medicines and
treating disease. In order to maintain the rapid advancement of
immunotherapies it is critical to not only optimize glycosylation
for maximal efficacy but also exploit these macromolecules to
ameliorate existing treatments. To reach these goals it is vital to
better understand the underlying biology of glycosylation which
requires the ongoing development of novel tools for studying
glycosylation and continued improvement of carbohydrate
chemistry methods. Moving forward areas of glycobiology
not typical associated with immunotherapy, such as O-linked
glycosylation [both mucin-type and other forms, such as the
intracellular “O-GlcNAc” PTM now being linked to immunity
(399–402)] and glycolipids, are sure to offer new opportunities
for creating biotherapeutics. Finally, although immunotherapy
has already achieved substantial success in treating disease we
are only scratching the surface, therefore we foresee glycosylation
a key to helping immunotherapy realize its full potential in the
future.
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