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Abstract

One of the major advantages of the baculovirus-insect cell system is that it is a eukaryotic system
that can provide posttranslational modifications, such as protein A-glycosylation. However, this is
a vastly oversimplified view, which reflects a poor understanding of insect glycobiology. In
general, insect protein glycosylation pathways are far simpler than the corresponding pathways of
higher eukaryotes. Paradoxically, it is increasingly clear that various insects encode and can
express more elaborate protein glycosylation functions in restricted fashion. Thus, the information
gathered in a wide variety of studies on insect protein A-glycosylation during the past 25 years has
provided what now appears to be a reasonably detailed, comprehensive, and accurate
understanding of the protein A~glycosylation capabilities of the baculovirus-insect cell system. In
this chapter, we discuss the models of insect protein A-glycosylation that have emerged from these
studies and how this impacts the use of baculovirus-insect cell systems for recombinant
glycoprotein production. We also discuss the use of these models as baselines for metabolic
engineering efforts leading to the development of new baculovirus-insect cell systems with
humanized protein A~glycosylation pathways, which can be used to produce more authentic
recombinant A-glycoproteins for drug development and other biomedical applications.

INTRODUCTION

Since the 1980s, the baculovirus-insect cell system has been widely utilized to produce a
large variety of recombinant proteins (reviewed in references [1-4]). The baculovirus-insect
cell expression system is a binary system, consisting of a recombinant baculovirus as the
vector and lepidopteran insect cells or larvae as the hosts. Normally, heterologous gene
expression is driven by a strong transcriptional promoter derived from a very late
baculovirus gene, such as polyhedrin or p10, in conjunction with a powerful virus-encoded
transcription complex (reviewed in references [5, 6]). In addition to being able to provide
extremely high levels of heterologous gene expression, baculoviral vectors can
accommodate large DNA inserts, which allows for the production of multi-subunit protein
complexes or even virus-like particles (reviewed in references [4, 7]). Finally, the
baculovirus-insect cell system is considered to be relatively safe for humans and animals. In
fact, the relative biological safety of baculovirus vectors has attracted the interest of gene
therapists and these viruses are now under active investigation as tools for gene delivery to
mammalian cells and organisms (reviewed in references [4, 8]).

Once a baculovirus vector has entered the insect cell, host gene expression is globally
inactivated and the cellular protein synthesis and processing machinery is re-directed to
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produce virus-encoded proteins, including the virus-encoded heterologous gene product [9-
11]. Because they are eukaryotes, insect cells also can process newly synthesized proteins in
many different ways. Thus, recombinant proteins typically can be folded, chemically
modified, trafficked, and assembled into highly authentic, soluble end products (reviewed in
references [1-4]). One widely recognized and highly attractive protein-processing capability
of the baculovirus-insect cell system is protein A-glycosylation. However, it is clear that the
protein glycosylation capabilities of baculovirus-infected insect cells are not equivalent to
those of higher eukaryotes (reviewed in references [3, 12-21]). While native mammalian
glycoproteins often have complextype N-glycans with terminal sialic acids, insect cell-
derived recombinant glycoproteins usually have much simpler side chains, known as
paucimannosidic N-glycans, at sites normally occupied by complex, terminally sialylated
structures. In addition, insect-derived A-glycans may contain core al1,3-linked fucose
residues, which are known to be allergenic (reviewed in references [20-23]). These
structural differences between the major A-glycans synthesized by insect and mammalian
cells are serious problems that have hindered the use of the baculovirus-insect cell
expression system for the production of recombinant glycoproteins for at least some
pharmaceutical applications.

Several approaches have been undertaken to begin to address this problem. One has
involved developing culture conditions that might support the production of recombinant
glycoproteins with more authentic, mammalian-like A-glycans by insect cell lines already
being used as hosts for baculovirus vectors [24-30]. Another has involved identifying
alternative, natural baculovirus-host combinations that might be able to produce
recombinant glycoproteins with more authentic A~glycans [31-34]. Yet another approach
has been to genetically engineer either baculovirus vectors or their hosts to encode and
express mammalian genes involved in the latter steps of A~glycan processing. This
approach, which will be the focus of the last part of this review, has yielded new
baculovirus-insect cell systems that can produce more authentic, or “humanized”
recombinant glycoproteins (reviewed in references [4, 13, 15-18]).

N-GLYCAN TRIMMING REACTIONS IN INSECT AND MAMMALIAN
SYSTEMS

Protein A-glycosylation occurs in the endoplasmic reticulum (ER) and Golgi apparatus and
generally involves the initial transfer of a pre-assembled oligosaccharide precursor to a
nascent polypeptide followed by a series of Aglycan processing steps. The processing steps
can be further divided into the trimming reactions, which are mediated by processing
glycosidases, and the branching and elongation reactions, which are mediated by
glycosyltransferases. The trimming reactions convert the oligosaccharide precursor to a
smaller core structure that can be branched and elongated in various ways to produce the
final oligosaccharide side-chains found on mature A-glycoproteins (reviewed in reference
[35]). The oligosaccharide trimming reactions appear to be similar or identical in insect and
mammalian cell systems. In contrast, there are usually significant differences in the extent of
N-glycan branching and elongation obtained in these two systems (Fig. 1).

The mammalian protein A-glycosylation pathway begins when oligosaccharyltransferase, a
multi-subunit enzyme complex in the ER, transfers a preassembled oligosaccharide
(GlczMangGIcNAC,) from a lipid carrier to the asparagine residue within a specific
recognition site (Asn-X-Thr/Ser) in a newly synthesized polypeptide (reviewed in references
[35-38]). Immediately afterwards, the outermost a1,2-linked glucose is removed from the
N-linked precursor by an ER membrane-bound enzyme, a-glucosidase | [39]. Another ER
membrane-bound enzyme, a-glucosidase 11, removes the next glucose residue, which is
al,3-linked, to produce the monoglucosylated core A-glycan, GlcMangGIcNAc; [40, 41].
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This latter enzyme subsequently cleaves the last remaining a.1,3-linked glucose residue from
GlcMangGIcNAC; to produce the classic high mannose type N-glycan, MangGIcNAC,. This
structure can be either an end product, which appears as such on the final glycoprotein, or an
intermediate, which is subjected to further processing. In addition to this highly conserved
glucose trimming mechanism, the terminal glucose residues also can be indirectly removed
from Aiglycan precursors by a Golgi-associated endo-a-D-mannosidase, which is restricted
to the phylum Chordata. This enzyme can cleave Glca1,3Man, Glcpoal,3Man, or
Glczal,3Man from mono-, di-, and triglucosylated A-glycans, respectively, to produce
MangGIcNAc, [42-44].

Mannose trimming of deglucosylated A-glycans is typically accomplished through the
concerted action of two different types of a-mannosidases, the class | and the class Il a-
mannosidases, which are localized in the ER and Golgi apparatus (reviewed in references
[45-47]). In addition, the endo-a-mannosidase located in the Golgi apparatus and pre-Golgi
intermediate compartments can cleave the glucose-substituted mannose residue from A~
glycans if a glycoprotein with Glc(;_3MangGIcNAc, somehow escapes the ER, as described
above. The general combined effect of the class | a-mannosidases in the ER and Golgi
apparatus is to remove all four a1,2-linked mannose residues from MangGIcNAc, and
produce the key intermediate, MansGIcNAc,. More specifically, this involves the action of
two ER enzymes, known as a1,2-mannosidases | and 11, and three Golgi enzymes, known as
al,2-mannosidases IA, IB, and IC (reviewed in references [45-47]). ER a-mannosidase I is
a slow acting enzyme that specifically removes just one terminal mannose residue from the
middle branch of the A-glycan intermediate to produce MangGIcNAc; isomer B. Similarly,
ER a-mannosidase Il removes just one terminal mannose residue from MangGIcNAc,, but it
removes the mannose residue from the a.1,3-branch to produce MangGIcNAc, isomer C
[48]. The three remaining a1,2-linked mannose residues are subsequently removed from
MangGIcNAc; by the Golgi class | a1,2-mannosidases, each of which has its own specific
substrate preferences.

The end product of the class | a-mannosidase trimming reactions, MansGIcNACy, is a key
intermediate in the protein A~glycosylation pathway. It is the combination of subsequent
trimming and elongation reactions mediated by various Golgi enzymes that ultimately
converts the preceding high mannose-type A-glycans, through this intermediate, to Aybrid or
complex end products (reviewed in references [35, 49]). Hybrid A-glycans are defined as NV-
linked oligosaccharides in which the terminal a.1,3-linked mannose residue is substituted by
N-acetylglucosamine, but the a.1,6-linked mannose residue is not. Complex A-glycans are
defined as A-linked oligosaccharides in which the terminal a1,3-and a1,6-linked mannose
residues are both substituted by A-acetylglucosamine residues.

It is generally accepted that the insect A~glycosylation pathway begins like the mammalian
pathway, with en bloc transfer of the oligosaccharide precursor from GlcgMangGIcNAC,-
PP-Dol to an appropriate asparagine residue in a newly synthesized polypeptide [20]. This
conclusion is strongly supported by studies documenting the presence of the lipid-linked A~
glycan in insect cell systems [50-52]. Several lines of biochemical evidence suggest that
removal of the terminal glucose residues from GlcgMangGIcNAC; is also accomplished in
the same way in insect and mammalian cells. While genes encoding a-glucosidase | and Il
have not yet been cloned from insect systems, the presence of both enzyme activities has
been documented in lepidopteran insect cell lines through the use of A~glycan processing
inhibitors [53-56] and by direct structural analyses of insect cell-derived A-glycans [31, 57—
61].

The presence of a1,2-mannosidase activities involved in mannose trimming also has been
documented in lepidopteran insect cell lines [55, 62—-65] and cDNAs encoding several insect
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al,2-mannosidases have been cloned and functionally characterized. cDNA cloning,
expression, and functional characterization clearly demonstrated that the Spodoptera
frugiperaa cell line, Sf9 [66], which is widely used as a host for baculovirus vectors,
encodes and expresses a Golgi class | a1,2-mannosidase [67, 68]. This enzyme processes N-
glycans like the mammalian a.1,2-mannosidases, converting MangGIcNAC; to
MansGIcNAc, through the major intermediate Man;GcNAc, isomer C [69]. Class Il a1,2-
mannosidase activity also was detected in extracts of Sf21, Mb0503, and Bm-N cells [62]
and was found to be associated with a Golgi-like fraction of Sf21 cells [70]. This insect class
I mannosidase removes the terminal a1,3- and a1,6-linked mannose residues from GIcNAc
MansGIcNAc, and, like its mammalian counterpart, requires the prior addition of a terminal
N-acetylglucosamine residue to the a1,3 branch of MansGIcNAc, by GIcNAc-TI. This
latter enzyme has been detected in lepidopteran insect cell lines, albeit at much lower levels
than in mammalian cells [71, 72], and a Drosophila mela-nogaster GIcNAc-TI homologue
has been isolated and shown to encode an enzyme with the expected biochemical activity
[73]. A class Il Golgi a-mannosidase homologue also was isolated from Drosophila
melanogaster and shown to encode an enzyme with the expected biochemical and cell
biological properties [74-76]. A gene encoding another class Il a-mannosidase, designated
SfManlll, was isolated from Sf9 cells and the gene product was expressed and characterized
[77-79]. The results showed that this gene encodes a Golgi enzyme that hydrolyzes
MansGIcNAc, directly to ManzGlc NAc,, without the prior addition of a terminal A-
acetylglucosamine residue by GIcNAc-TI. Thus, this insect enzyme has the same substrate
specificity as the a-mannosidase 111 activity detected in Golgi Man 11 knockout mice [80—
82]. Finally, as expected from its apparent restriction to Chordata, no endo-a.-mannosidase
activity has been detected in insect cell lines [83].

N-GLYCAN FUCOSYLATION IN INSECT AND MAMMALIAN SYSTEMS

The processing reactions described above produce a trimmed A-glycan intermediate,
GIcNAcManzGIcNAcy, which is common to both mammalian and insect systems (boxed in
Fig. 1). The mammalian and insect pathways both include a core a.1,6-fucosyl-transferase,
which can add an a.1,6-linked fucose residue to the asparagine-linked A-acetylglucosamine
residue of GIcNAcMans GIcNAc, on some, but not all A~glycoproteins. When it occurs, this
reaction gives rise to another common intermediate (also boxed in Fig. 1). However, the
major insect N-glycan processing pathway clearly diverges from the mammalian pathway
following the class Il mannosidase trimming and core a1,6-fucosylation steps, as shown in

Fig. (1).

One important difference between the insect and mammalian pathways is that at least some
insect cells have a fucosyltransferase that may modify the common intermediate,
GIcNAcMan3zGIcNAc (a1,6Fuc)GIcNAC, to produce a core al,3-fucosylated A-glycan [22,
84, 85]. This core a1,3-fucosyltransferase strictly requires prior catalysis by the core a1,6-
fucosyltransferase [86, 87] and the resulting A-glycan product is known to be allergenic in
mammals [88-92]. Another important difference between the insect and mammalian A-
glycan processing pathways is that at least some insect cells have a membrane-bound,
processing B-NV-acetylgluco-saminidase (GIcNAcase) activity. This activity, which is also
found in some nematodes [93] and plants [94], may specifically remove the terminal A-
acetylglucosamine residue from GIcNAcMangz GIcNAc(xa3/6Fuc)GIcNAc [95], thereby
generating the major insect processed A-glycan products, MansGIcNAc(xa 3/6Fuc)
GIcNAc, which are generally classified as paucimannosidic structures. Because removal of
the terminal A-acetylglucosamine residue by this enzyme produces A-glycans that are not
good substrates for GICNAc-TII [96], these paucimannosidic A-glycans are unlikely to be
further elongated.

Curr Drug Targets. Author manuscript; available in PMC 2013 May 08.
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The first cDNA experimentally shown to encode a processing GIcNAcase in any organism
was recently described in Drosophila melanogaster [97]. This cDNA is derived from the
fused lobes (fdl) gene and the gene product had the expected substrate specificity and other
biochemical properties of a GIcNAcase involved in A-glycan processing. Interestingly, the
FDL protein had an unexpected subcellular distribution, as it was not strongly localized to
the Golgi apparatus and was found in other secretory pathway compartments, in the plasma
membrane, and in late endosomes. A similarly unexpected localization pattern was observed
with two green fluorescent protein-tagged GIcNAcases isolated from Sf9 cells, but
biochemical evidence suggested that these enzymes are involved in A-glycan degradation,
rather than processing [98]. Hence, a lepidopteran insect homologue of the Drosophila
melanogaster fdl gene has not yet been cloned.

N-GLYCAN BRANCHING AND ELONGATION IN INSECT AND MAMMALIAN

SYSTEMS

In mammalian cells the conversion of MansGIcNAc, to hybrid or complex N-glycan
structures (Fig. 1) is initiated by Golgi NM-acetylglucosaminyltransferase | (GICNAc-TI),
which transfers an A-acetylglucosamine residue in f1,2-linkage to the mannose residue on
the a1,3-branch to produce GIcNAcMansGIcNAC, [49]. While this intermediate can be
converted to a hybrid structure in various ways, a single enzyme that can commit
MansGIcNAC; to the hybrid fate is A~acetylglucosaminyltransferase-111 (GIcNAc-TIII).
This enzyme adds a single N-acetylglucosamine residue to the central p1,2-linked mannose
and blocks the subsequent action of Golgi a-mannosidase 11 [49]. Normally, Golgi a-
mannosidase Il performs the final mannose trimming steps, removing the terminal a1,3- and
al,6-linked mannose residues from GIcNAcMansGIcNACc, to produce
GIcNAcMansGIcNAc; (reviewed in references [45, 46]). Golgi a-mannosidase Il has a
strict requirement for prior addition of the terminal N-acetylglucosamine residue to the
al,3-branch of MangGIcNACc, by GIcNAc-TI. Another interesting class Il a-mannosidase
activity, which has become known as a-mannosidase 111, cleaves MangGIcNAc, directly,
without the prior addition of terminal A-acetylglucosamine, to produce
GIcNAcMansGIcNACo, thereby bypassing the requirement for Golgi a-mannosidase 11 [80-
82].

The prior addition of a terminal A-acetylglucosamine residue to the a1,3 branch of
MansGIcNAC; is also a prerequisite for core fucosylation by the a1,6 fucosyltransferase
discussed above, which transfers an a.1,6-linked fucose residue to the asparagine-linked N-
acetylglucosamine residue [99]. Thus, the fucosylated core structure
GIcNAcManzGIcNAc(Fucal,6)GIcNAC is ultimately produced viathe concerted action of
N-acetylglucosaminyltransferase I, Golgi a-mannosidase 11, and the core a1,6
fucosyltransferase.

Another Golgi enzyme, N-acetylglucosaminyltransferase 11 (GIcNAc-TII), produces the first
complex structure in the A-glycan processing pathway by adding a p1,2-linked A-
acetylglucosamine residue to the terminal a1,6-linked mannose residue of GIcNAc
ManzGIlcNAc(xFucal,6)GIcNAc [49]. Like Golgi a-mannosidase 11 and core al1,6-
fucosyltransferase, GICNAc-TII also requires the prior action of GIcNAc-TI [96]. Both
GIcNAc-TI and -T1I are widespread in various tissue and cell types and these enzymes
initiate elongation of two branches, which ultimately gives rise to common “biantennary” A-
glycans. Additional branching can be initiated by one or more A-
acetylglucosaminyltransferases, including GIcNAc-TIV, -TV, and/or —TVI. These enzymes
ultimately yield tri-, tetra-, or penta-antennary A-glycans, but they have more highly
restricted tissue distributions and/or are associated with malignant tissues [49]. The more
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highly branched structures produced by GIcNAc-TIV, -TV, and/or =TV are not shown in
Fig. (1) and will not be considered further.

N-glycan intermediates with terminal A-acetylglucosamine residues can be further elongated
by one or more Golgi B1,4-galactosyltransferases (34GalTs). There are at least seven human
B4GalT genes encoding enzymes with various acceptor substrate specificities [100-104].
B4GalT-1 to -VI can participate in glycoprotein and/or glycolipid biosynthesis [101, 105,
106], whereas p4GalT-VII is involved in proteoglycan biosynthesis [103].

Finally, many terminally galactosylated A-glycans are capped by the addition of a.2,3-,
a2,6, and/or a2,8-linked sialic acids in mammalian cells. The human genome encodes more
than 20 different sialytransferases and 15 have been cloned and characterized [107]. All are
type Il-transmembrane glycoproteins of the Golgi apparatus with three consensus domains,
or sialymotifs, designated L, S, and VS [108-111]. Different sialyltransferases catalyze
different sialic acid linkages (a2,6, a.2,3, or a2,8) and have different acceptor substrate
specificities. Sialylation plays an important role in many different biological processes, such
as nervous system development, turnover of circulating glycoproteins and erythrocytes,
pathogen-host interactions, and immune system functions and there are correlations between
sialylation and malignant transformation and cancer progression [112-117]. Sialylation is
especially relevant in the context of manufacturing recombinant glycoproteins for
pharmaceutical applications because it prevents carbohydrate-mediated clearance of
glycoproteins from the mammalian circulatory system, which obviously impacts their
pharmacokinetics and, therefore, their therapeutic efficacy [118-121].

It is important to note that mammalian cells can add several other types of monosaccharides,
particularly fucose residues, to the peripheral regions of the A~glycans described above.
Together with the ability to produce up to five antennae, the ability to decorate those
antennae in various ways provides for a huge amount of structural and functional diversity
among mammalian A-glycoprotein glycans. However, for the purposes of this review, we
will focus on the relative ability of mammalian and insect cells to produce the common bi-
antennary, terminally a2,3- and/or a.2,6-sialylated A-~glycan shown on the bottom right-
hand side of Fig. (1).

Historically, it has been widely thought that insects have no terminal glycosyltransferase
activities or sialic acid metabolism [122-126]. Accordingly, insect A-glycan processing
pathways were considered to be limited to the production of paucimannosidic structures.
The full story is not quite this simple, however, as there are now extensive biochemical,
histochemical, structural, and molecular genetic evidence to suggest that at least some
insects have the potential to further elongate and even terminally sialylate glycoprotein
glycans. In particular, bioinformatic analyses of the Drosgphila melanogaster genome have
revealed that this insect has genes corresponding to many of the mammalian genes required
for A-glycan branching, elongation, and sialylation. In addition, the putative biochemical
functions of some of these gene products have been experimentally confirmed [73, 127—
132]. Expression of the genes that could be involved in A~glycan elongation and sialylation
appears to be restricted to specific tissues and/or development stages in insect systems [128,
131]. Thus, our newly-recognized genetic potential for more extensive A-glycan processing
might begin to explain differences in the results obtained by various investigators who have
assessed recombinant glycoprotein glycan elongation and sialylation in various insect cell
lines, which are often derived from different tissues and developmental stages.

The Drosophila melanogaster genome includes homologues of GIcNAc-TI, -TlI, -TlII, -
TIV, -TV, and -TVI, which are the A-acetylglucosaminyltransferases involved in A-glycan
branching, as described above. Among these, the fly GIcNAc-TI and -TIl homologues have

Curr Drug Targets. Author manuscript; available in PMC 2013 May 08.
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been cloned, characterized, and shown to have the expected biochemical activities [73, 128].
Further analysis of the developmental expression profile of the fly GICNAc-TII gene showed
that it was restricted mainly to the embryonic nervous system and to regions of the brain and
imaginal discs of the eye and antennae in third instar animals [128]. Low levels of both
GIcNAc-TI and Tl activities have been detected in several established lepidopteran insect
cell lines, as indicated above [71, 72]. However, to our knowledge, no higher order
branching activities have been detected and no A-acetylglucosaminyltransferase genes have
been cloned from any lepidopteran insect system to date.

The Drosophila melanogaster genome also includes three B4GalT homologues and each has
been cloned and characterized [127, 130, 133]. The putative fly B4GalT gene most closely
resembling human BGalT-VII (CGI170; Genbank Accession No. AE003750) was cloned,
expressed, and its predicted function in the biosynthesis of the proteoglycan core linkage
region was confirmed and shown to be essential for viability [133, 134]. The two other
putative fly p4GalT family members (CG8536, Genbank Accession No. AAF58268 and
CG14517, Genbank Accession No. AAF56843) most closely resemble human p4GalT-I to -
VI, which are functionally implicated in glycoprotein and glycolipid glycan processing, as
detailed above. Interestingly, expression and biochemical characterization of these latter
Drosophila homologues showed that they prefer to transfer A-acetylgalactosamine, rather
than galactose, from the appropriate nucleotide sugar donors to an artificial acceptor
substrate [130]. This activity is consistent with the idea that these latter two fly pGalTs
preferentially produce N-glycans containing peripheral GaINAcp1,4-GIcNAc-R
(LacDiNACc) rather than the Gal-p1,4-GlcNAc-R (LacNAc) disaccharide sequence
commonly found at or near the non-reducing termini of mammalian A~glycans. Additional
studies showed that the latter two fly p4GalT homologues are ubiquitously expressed at low
levels throughout embryonic and larval development and that double mutant flies had only
relatively minor neuromuscular phenotypes and no severe developmental defects [130].
Cloning and characterization of p4GalT genes from C. elegans [135] and Trichoplusia ni
[129] revealed that these invertebrate gene products also preferentially transferred A-
acetylgalactosamine>galactose>/\-acetylgluco-samine from nucleotide sugar donor
substrates to various acceptors /n vitro. The Trichoplusia ni 4AGalT gene product utilized
artificial monosaccharides, an A-glycoprotein, and a glycolipid as /n vitro acceptor
substrates and was shown to function in A-glycan processing /n vivo [129]. Thus, this gene
product can account for the p4GalNACT activity and low levels of B4GalT activity
previously observed in a cell line derived from Trichoplusia ni[136, 137]. This gene product
also can account for the presence of terminal galactose or A-acetylgalactosamine residues
observed on some glycoprotein glycans produced by cell lines derived from 7richoplusia ni,
particularly the BTI-Tn-5BI-4 (High Five®; [138]) line [58, 59, 139-141].

The ability of insects to sialylate glycoprotein A~glycans has been a controversial issue in
insect glycobiology and among users of the baculovirus-insect cell expression system
(reviewed in references [3, 12-21]). Most evidence suggests that there is no sialic acid or
sialyltransferase activity in insect cell lines and that the A-glycans of baculovirus-expressed
recombinant glycoproteins are not terminally sialylated. However, other reports have
provided evidence of sialic acids in insect tissues [142—145] and on baculovirus-expressed
recombinant A-glycoproteins, including human plasminogen [146-148] and secreted
alkaline phosphatase [25, 26, 29, 33]. In Drosophila melanogaster, sialylation was mainly
restricted to the nervous system and was developmentally regulated [142]. Subsequent
homology searches revealed the existence of Drosophila melanogaster genes potentially
involved in sialic acid biosynthesis and utilization, including putative NeuSAc phosphate
synthase, CMP-Neu5Ac synthase, CMP-Neu5Ac/CMP antiporter, and sialyl-transferase
genes [127, 131, 132]. The functions of the putative fly NeuSAc phosphate synthase [132]
and sialyltransferase [131] genes have been experimentally confirmed. The biochemical
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activity of the fly Neu5Ac phosphate synthase gene product indicated that it could
participate in a sialic acid biosynthetic pathway in this insect. The fly sialyltransferase gene
product had a.2,6 sialyltransferase (ST6Gal) activity with a preference for LacDiNAc as the
acceptor substrate, which is consistent with the preferred biochemical activity of the
invertebrate B4GalTs, as discussed above [129, 130, 135]. Interestingly, expression of the
Drosophila sialyltransferase was restricted to the embryonic central nervous system and
significant expression began only by about 13-14 h of embryonic development [131]. In
contrast to the results obtained with the Neu5Ac phosphate synthase and sialyltransferase,
functional analysis of the putative fly CMP-Neu5Ac/CMP antiporter gene product revealed
that it lacks this function and functions, instead, as a UDP-galactose/UMP and UDP- /-
acetylgalactosamine/UMP antiporter [149, 150].

In summary, a significant body of accumulated evidence supports the idea that at least some
insects, insect tissues, and/or insect cells have the potential to produce complex, terminally
sialylated A-glycans. This is an important advance in our basic understanding of insect
glycobiology, which must be appreciated. However, in the context of this volume of Current
Drug Targets, it should be emphasized that the vast majority of recombinant A-
glycoproteins produced in standard baculovirus-insect cell expression systems, in which
Sf21, Sf9, and BTI-Tn-5BI-4 (High Five®) cells were used as the hosts, acquired simple,
non-sialylated, paucimannose side-chains at sites normally occupied by complex, sialylated
N-glycans in the native mammalian products. Thus, users of the baculovirus-insect cell
system should realistically anticipate being unable to produce recombinant versions of
higher eukaryotic glycoproteins with fully authentic A~glycans. These users should expect
that the complex, terminally sialylated A~glycans on the native products will be replaced
mainly by paucimannose structures on the recombinant products. Like their native
counterparts, these glycoprotein glycans are unlikely to be homogenous. Thus, the glycan
profile will probably also include various proportions of partially trimmed, high mannose
type structures and partially elongated hybrid or complex type structures. However, the
latter will probably be relatively minor subpopulations and, even among these structures, it
is highly unlikely that any will be terminally sialylated.

A CURRENT VIEW OF THE INSECT PROTEIN N-GLYCOSYLATION
PATHWAY

The widespread utilization of baculovirus-insect cell system for recombinant glycoprotein
production has provided a great deal of information on the protein A~glycosylation pathways
of lepidopteran insect cells. One good source of information has come from investigators
who have used this system to produce recombinant glycoproteins and characterized the
structures of the Atglycans on their products. The advent of the baculovirus-insect cell
expression system also has driven basic biochemical and molecular genetic research on
insect protein N-glycosylation pathways. Finally, the completion of insect genome projects,
particularly the Drosophila melanogaster genome project [151], has had a huge impact on
our understanding of insect protein A-glycosylation pathways. Generally, current data
suggest that the initial transfer and trimming reactions, which comprise the first half of the
protein A-glycosylation pathway, are similar or identical in mammalian and insect cell
systems. In contrast, it appears that the elongation reactions, which comprise the second half
of the mammalian protein A-glycosylation pathway, are highly limited in insect systems
(reviewed in references [3, 12-21]). Thus, the major Aglycan products of insect systems,
including the A~glycans on recombinant glycoproteins produced by insect systems, have
either high mannose- or paucimannose-type structures (Fig. 1). The former are identical to
the high mannose A-glycans produced by mammalian cells, while the latter are trimmed and
sometimes core fucosylated, but not otherwise elongated products of
GIcNAcManzGIcNAc,, a common intermediate in the insect and mammalian A-glycan
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processing pathways. In essence, then, paucimannosidic A-glycans are the major structural
counterparts of the hybrid and complex A-glycans produced by higher eukaryotes.

A comparative model of the mammalian and insect protein A-glycosylation pathways,
which accommodates all currently available data, is shown in Fig. (1). As discussed above,
the first half of the pathway, involving A~glycan transfer and trimming, appears to be similar
or identical in these two types of organisms. Hence, both pathways can produce identical
high mannose A-glycans, which are the final end products of the processing pathway for
some oligosaccharide side chains attached to some sites on some A-glycoproteins [35].
Alternatively, the high mannose A-glycans can be intermediates for further processing
reactions in both cell types and these reactions can yield either one of two common
intermediates, GIcNAcMan3GIcNAc[+Fuc]GIcNAc. These intermediates are then subjected
to different processing reactions in the two cell types, which comprise the second halves of
the insect and mammalian protein A~glycosylation pathways. In mammalian cells, the
common, trimmed A-glycan intermediate is further elongated to produce a wide variety of
different A-glycans, including the common bi-antennary structures shown on the bottom
right-hand side of Fig. (1). In contrast, in insect cells, the major processed A-glycans are
paucimannosidic structures represented by the common intermediates (in insect cells lacking
a processing GIcNAcase activity), by core a1,3-fucosylated variants of the second
intermediate, or by structures in which the terminal A-acetylglucosamine residue has been
removed by a processing GIcNAcase, as shown on the far left-hand side of Fig. (1). In the
context of this volume, it is important to emphasize that the A-glycan processing pathway of
at least some insect cells can give rise to core al1,3-fucosylated structures, as these are
allergenic in humans. It also is important to note that the major processed insect A-glycans
lack terminal sialic acid residues, which are needed to prevent rapid clearance of
glycoproteins from the mammalian circulatory system. Finally, it is important to note that
the model shown in Fig. (1) is designed to accommodate the emerging fact that at least some
insects and insect cells have the potential to produce more extensively elongated A-~glycans,
such as those found in mammalian cells. However, it should be emphasized that this branch
of the A-glycosylation pathway is probably relatively minor and potentially restricted to
only certain types of insects, insect tissues, and/or insect developmental stages.

The fate of any given A~glycoprotein glycan in this branched pathway model of the insect
processing pathway could depend on a wide variety of different factors. One obvious factor
is the nature of the glycoprotein product itself, as some products may be relatively better
substrates for the processing GIcNAcase or GICNAc-TII activities, which determine their
subsequent processing fates. In addition, differential expression of the genes encoding these
and downstream functions, which distinguish the two branches of the insect A-glycan
processing pathway, would clearly be expected to influence the fate of a given A-
glycoprotein glycan being processed in insect cells. Expression of these latter genes in
insects or insect cell lines could be influenced by species, tissue type, developmental stage,
and/or various environmental conditions. Thus, this branched pathway model can potentially
explain many or all of the differences in the results obtained by different investigators
investigating the A+glycan processing capabilities of the baculovirus-insect cell system, as
these studies have utilized different recombinant glycoproteins produced by different insect
cell lines derived from different species, tissues, developmental stages, and subjected to
different environmental conditions.

ENGINEERING INSECT N-GLYCAN PROCESSING PATHWAYS

In the final analysis, even with a new appreciation for the extent of the A-glycan processing
potential in insect systems, users of the baculovirus-insect cell system still suffer from its
inability to produce recombinant glycoproteins with authentic, mammalian-like A-glycans.
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One approach that has been used to address this problem is to use genetic engineering
methods to extend the A-glycosylation pathways of the lepidopteran insect cell lines
commonly used as hosts for baculovirus expression vectors. This can be accomplished by
introducing mammalian genes encoding the missing or subopti-mal processing functions
into these insect cell lines. Technically, this can be done either by incorporating the
mammalian genes into the viral vector genome or by incorporating them into the host cell
genome. In either case, the relative timing of gene expression is important. The genes
encoding the new processing functions should be expressed before the gene encoding the
recombinant glycoprotein of interest is expressed. In this way, the endogenous A-glycan
processing pathway in insect cells can be programmed to provide the machinery needed to
produce more authentic mammalian A-~glycoproteins before the genes encoding these
recombinant products are expressed.

There are several published examples of baculovirus vectors that have been modified to
encode mammalian A-~glycan processing genes under the transcriptional control of one or
more immediate early (/e/) baculovirus promoters, together with a glycoprotein of interest
under the control of a later baculovirus promoter [152—-154]. Further, studies have shown
that this type of baculovirus vector can be used to infect conventional lepidopteran insect
cell lines and obtain recombinant glycoprotein products with more authentic, mammalian-
like A-glycans (Fig. 2).

There also are several published examples of transgenic insect cell lines that have been
engineered to encode mammalian A-glycan processing genes under the transcriptional
control of one or more baculovirus /e/ promoters. Most of these studies have involved the
use of Sf9 as the parental cell line, but there also is an example of protein A-glycosylation
pathway engineering by this approach in BTI-Tn-5BI-4 (High Five®) cells. Transformation
of these cell lines using a transfection and co-selection approach [155, 156] has yielded
transgenic subclones that encode and express mammalian B1,4GalT (Sf  4GalT [157]),
B1,4GalT and a2,6-sialyltransferase (SF p 4Gal/ST6 [158] and Tn B 4Gal/ST6 [159]), and
GIcNACc-TI, GIcNAc-TII, B 1,4-GalT, a2,6-sialyltransferase, and a2,3-sialyltrans-ferase
(SFSWT-1 [160]) genes. These new cell lines have growth properties that are similar to those
of the parental lines, can support baculovirus infection and foreign gene expression, and can
produce recombinant glycoproteins with increasingly elongated A-glycans (Fig. 2). The
most extensively elongated products are the complex, biantennary, terminally
monosialylated A-glycans produced by SFSWT-1 cells [160].

Based on information available at the time, the ability of SfSWT-1 cells to sialylate
recombinant glycoproteins was quite surprising. The parental cell line, Sf9, contains no
detectable CMP-sialic acid, which is the donor substrate required for sialyltrans-ferase
activity [161, 162]. It was subsequently discovered that recombinant glycoprotein sialylation
by SFSWT-1 requires cultivating these cells in the presence of an exogenous source of sialic
acid, such as fetal bovine serum or purified bovine fetuin, suggesting that they have a sialic
acid salvaging pathway [163]. This requirement was subsequently overcome by
transforming SFSWT-1 cells with two additional mammalian genes, which encoded a sialic
acid synthase (SAS) and CMP-sialic acid synthetase (CMP-SAS). The resulting cell line,
SfSWT-3, was able to produce its own CMP-sialic acid, as well as complex, biantennary,
terminally monosialylated A-glycans, when cultivated in a serum-free growth medium
supplemented with the sialic acid precursor, A-acetylmannosamine [164]. It is important to
emphasize that these A~glycans, which are the most sophisticated structures produced by
any transgenic insect cell line described to date, have no terminal sialic acid caps on the
al1,6 branch (Fig. 2). The results of recent experiments designed to investigate possible
reasons for this have shown that the mouse ST3GallV gene used to produce both SfSWT-1
and SFfSWT-3 cells induces no detectable sialyltransferase activity in Sf9 cells (D.L. Jarvis,
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R.L. Harrison, and X. Shi, unpublished data). Thus, although this gene is expressed at the
RNA level in both of these cell lines, it does not encode an active gene product, which
probably accounts for the absence of di-sialylated A-glycans on the recombinant
glycoproteins produced using these cells so far. Efforts to create new transgenic lines in
which Sf9 cells have been transformed with a mammalian gene encoding an alternative
sialyltransferase are in progress in our lab (Fig. 2). Another noteworthy recent finding was
that SFSWT-1 cells failed to sialylate a recombinant form of equine chorionogonadotropin
during infection with a baculovirus vector [165]. This finding raised the possibility that the
ability of transgenic insect cell lines engineered to sialylate recombinant glycoproteins might
be product-dependent.

CONCLUSIONS AND PERSPECTIVES

During the past 25 years, the baculovirus-insect cell system has been widely utilized to
produce recombinant glycoproteins. This activity has directly and indirectly advanced our
understanding of protein A-glycosylation pathways in insect systems. In general, the
baculovirus-insect cell system is limited by its inability to produce complex, terminally
sialylated N-glycans, such as those produced by mammalian cells. At sites normally
occupied by these native side-chains, recombinant forms of mammalian glycoproteins
produced in the baculovirus-insect cell systems usually have paucimannosidic A-glycans,
instead. This seems to be inconsistent with accumulating evidence that insect systems have
the potential to produce more extensively elongated, even complex, terminally sialylated A~
glycans. However, it is likely that the general lack of glycoprotein sialylation in the
baculovirus-insect cell systems widely used for recombinant glycoprotein production
reflects the highly specialized nature of this machinery in insect systems. In fact, available
data indicate that expression of insect cognates of the mammalian genes involved in the
terminal stages of A-glycan processing is restricted to certain types of insects, insect tissues,
and/or insect developmental stages and/or is controlled by unknown environmental
conditions. Another problem is that the recombinant glycoprotein products of some insect
cell lines, particularly those derived from T7richoplusia ni, may have core a1,3-linked fucose
residues that are allergenic in humans. The general inability to produce complex, sialylated
N-glycans and the potential to produce allergenic carbohydrate epitopes have hindered the
use of the baculovirus-insect cell system to produce recombinant glycoproteins for at least
some pharmaceutical applications, particularly therapeutic applications. This has led to
efforts to develop alternative virus-host combinations, environmental conditions, and
transgenic virus-host systems with the ability to produce more authentic mammalian
glycoprotein products. The latter approach has been the focus of work in our laboratory for
the past decade and these efforts have yielded various baculovirus-insect cell systems that
can routinely produce complex, terminally sialylated A~glycans. This work needs to be
extended to develop systems capable of routinely producing di-sialylated products. In
addition, it needs to be extended to include subtractive engineering to remove undesirable
activities, such as the processing GIcNAcase and core a1,3-fucosyltransferase activities,
from the system. Finally, all of these improved systems need to be used to express a much
wider variety of recombinant glycoproteins to examine the breadth of their capabilities. In
the end, it will be exciting to use these improved systems to produce recombinant
glycoproteins for pharmaceutical applications, such as /n vivo therapeutic applications, that
are currently precluded by the state of the art in baculovirus-insect cell expression
technology.
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ABBREVIATIONS
p4GalT B1,4 Galatosyltransferase
CMP-SAS CMP sialic acid synthetase
ER Endoplasmic reticulum
fdl Fused lobes
Fuc Fucose
Fuc-T8 Core a1,6-fucosyltransferase
Gal Galactose
GalNAc N-Acetylgalactosamine
Glc Glucose
GIcNAC N-Acetylglucosamine
GlcNAcase N-Acetylglucosaminidase
GIcNAC-T N-Acetylglucosaminyltransferase
iel Immediate early 1
Man Mannose
Neu5Ac Neuraminic acid
SAS Sialic acid synthase
ST6Gall a2,6-Sialyltransferase |
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Fig. (1). Protein N-glycosylation pathways in insect and mammalian cells

Monosaccharides are designated by their standard symbols, as defined in the key. The boxed
N-glycans are the last common intermediates in the insect and mammalian pathways. The
major insect cell products are paucimannosidic A-glycans with or without core fucose
residues, as shown on the far left-hand side of the Figure. The major mammalian cell
products are complex, terminally sialylated A-glycans, such as the biantennary A-~glycans
shown on the bottom right-hand side of the Figure. The Figure also accommodates the
potential ability of insect cells to produce more extensively processed A-glycans like those

produced by mammalian cells.
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BACULOVIRUS ENGINEERED BACULOVIRUS
INSECT CELL SYSTEM ASN INSECT CELL SYSTEMS

Transgenic cell lines: SfB4GalT, presumably Tn584GalT
sN BEVS: AcP()IEIGalT
Monoantennary, terminally monogalactosylated, "COMPLEX"

?O._Hm

Transgenic cell lines: Sf34GalT/ST6, presumably TnSB34GalT/ST6
SN BEVS: AcSWT-1, 2b, 2¢
Monoantennary, terminally monosialylated, "COMPLE X"

SN BEVS-transgenic cell pair: AcSWT7B/SfSWT-1 (serum-free media)
Biantennary, terminally monosialylated, "COMPLEX"

Transgenic cell lines: SfSWT-4 (In Progress)
Biantennary, terminally disialylated, "COMPLEX"

2 v
‘_::3;'._.4 Transgenic cell lines: STSWT-1, SfSWT-3 (serum-free media)
°
v

Fig. (2). N-glycan processing potential of modified baculovirus-insect cell systems
Monosaccharides are designated by their standard symbols, as defined in Fig. (1). The major
processed N-glycans produced by standard baculovirus-insect cell systems are the
paucimannosidic structures shown on the left. Genetic engineering of baculovirus vectors
and/or insect cell lines has yielded systems capable of producing the more extensively
elongated A-glycan structures shown on the right.
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