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Broadly neutralizing anti–HIV-1 monoclonal antibodies, such as
PG9, and its derivative RSH hold great promise in AIDS therapy
and prevention. An important feature related to the exceptional
efficacy of PG9 and RSH is the presence of sulfated tyrosine resi-
dues in their antigen-binding regions. To maximize antibody func-
tionalities, we have now produced glycan-optimized, fucose-free
versions of PG9 and RSH in Nicotiana benthamiana. Both anti-
bodies were efficiently sulfated in planta on coexpression of an
engineered human tyrosylprotein sulfotransferase, resulting in
antigen-binding and virus neutralization activities equivalent to
PG9 synthesized by mammalian cells (CHOPG9). Based on the controlled
production of both sulfated and nonsulfated variants in plants, we
could unequivocally prove that tyrosine sulfation is critical for the po-
tency of PG9 and RSH. Moreover, the fucose-free antibodies generated
in N. benthamiana are capable of inducing antibody-dependent cel-
lular cytotoxicity, an activity not observed for CHOPG9. Thus, tailoring
of the antigen-binding site combined with glycan modulation and
sulfoengineering yielded plant-produced anti–HIV-1 antibodies with
effector functions superior to PG9 made in CHO cells.

antibody | biopharmaceutical | glycosylation | plant | sulfation

Monoclonal antibodies (mAbs) offer great promise for AIDS
treatment (1). In particular, the recent discovery of

broadly neutralizing anti–HIV-1 mAbs (bNAbs) with extraordi-
nary potency as exemplified by the antibodies PG9, PG16 (2), or
those of the PGT series (3) creates hope for effective therapy by
passive antibody transfer. PG9 and its close relative PG16 neu-
tralize ∼80% of HIV-1 isolates across all clades (2, 4). The
recognized epitopes are within the hypervariable and heavily
glycosylated V1/V2 loops of the viral envelope glycoprotein
gp120 and preferentially displayed in its trimeric state (2). Both
mAbs use their unusually long complementarity-determining re-
gion (CDR) H3 domains (4–6) to penetrate the glycan shield of the
virus and make contact with the underlying protein backbone (7).
In addition, PG9 and PG16 recognize two highly conserved gp120
N-glycans attached to Asn160 and Asn156/173, which flank the pep-
tide epitope (7–9). Remarkably, the glycan-binding properties of
the two antibodies could be combined by modification of the PG9
light chain with RL94SHL95A as found in PG16. This PG9 variant
(here termed RSH) has a superior neutralization capacity and
broader coverage of HIV-1 isolates than either wild-type PG9 or
PG16, which makes it an excellent choice for additional drug
development studies (7).
Proper N-glycosylation is important for aspects of mAb func-

tionality, because the oligosaccharides attached to Asn297 of the
crystallizable fragment (Fc) are known to strongly affect binding
to cellular Fc receptors and thus, in vivo functionalities (10). In
particular, core α1,6-fucosylation, typically found on mAbs
produced in mammalian cell lines, has been shown to hinder
antibody-dependent, cell-mediated cytotoxicity (ADCC) and
antibody-dependent, cell-mediated virus inactivation (11), key
effector functions in the context of anti–HIV-1 immune responses

(12–14). Hence, considerable efforts have been undertaken to
establish mAb production systems generating human-typeN-glycans
lacking this modification. Plants, particularly Nicotiana benthamiana,
are well-suited for glycan engineering processes. The advantages of
plant-based expression platforms include a high extent of glycan
homogeneity, the flexibility with which glycosylation can be modu-
lated, high production speed, and ease of large-scale production
(15). The superior efficiency of glycocengineered mAbs produced in
plants has recently been highlighted by ZMapp, an mAb mixture
developed for the treatment of Ebola patients (16). Similarly, im-
proved effector potency has been observed for plant-made anti–
HIV-1 bNAb 2G12 (17), rendering glycoengineered plants an in-
teresting production system for mAbs.
Another posttranslational modification, namely tyrosine sulfa-

tion of selected residues in the CDR H3 region of PG9 and PG16,
has recently been shown to be critical for high-affinity interactions
with their antigen (4, 6). In humans, tyrosine sulfation is carried out
by two closely related type II transmembrane proteins: tyrosyl-
protein sulfotransferase 1 (TPST1) and TPST2 (reviewed in refs.
18 and 19). Although plants contain TPSTs, these proteins are
phylogenetically unrelated to the human enzymes and could,
therefore, exhibit different enzymatic properties (18, 20). Previous
attempts to produce bioactive PG9 and PG16 in N. benthamiana
have failed, possibly because of deficient tyrosine sulfation (21).
Hence, it is currently uncertain whether plant-based expression
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platforms are naturally capable of sulfating tyrosine residues in
recombinant proteins.
Here, we aimed to maximize the potency of bNAbs against

HIV-1 using a plant-based expression system. For this goal, PG9
and RSH were expressed in a xylosyltransferase (XT)- and
fucosyltransferase (FT)-deficient N. benthamiana mutant (ΔXT/
FT) supporting the synthesis of glycan-optimized, fucose-free
mAbs (15). Whereas tyrosine sulfation of PG9 by endogenous
plant enzymes was barely detectable, this additional posttrans-
lational modification was efficiently introduced by coexpression of
human TPST1 (hsTPST1) modified with a plant Golgi-targeting
sequence. When sulfated, plant-derived PG9 had essentially the
same antigen-binding and virus neutralization properties as its
counterpart produced in CHO cells. Importantly, ADCC activity
was displayed by fucose-free, plant-produced mAbs but not by
CHO-derived PG9. Furthermore, the controlled production of
both sulfated and unmodified PG9 in the same expression system
enabled us to establish the impact of tyrosine sulfation on the
functionality of this important bNAb.

Results
Coexpression of TPST1 Enables the in Planta Production of Sulfated
PG9. We expressed PG9 and its derivative RSH in ΔXT/FT
N. benthamiana plants that have been glycoengineered to remove
the plant-typical N-glycan residues β1,2-xylose and core α1,3-
fucose (ΔXFPG9 and ΔXFRSH) (22, 23). RSH differs from PG9
by three amino acids in the light chain (PG9: T94RR95A; RSH:
R94SH95A). MS analysis of CDR H3 peptides did not provide
evidence for sulfation of PG9 and RSH by endogenous plant
enzymes, whereas a high degree (82%) of CHO-derived PG9

(CHOPG9) was sulfated (Table 1). Although a functional TPST
has been described in Arabidopsis thaliana (20), we could not
retrieve a TPST candidate from the N. benthamiana draft ge-
nome (24). Because previous reports showed that inefficient tyro-
sine sulfation of PG9 by HEK293 cells can be rescued by TPST
overexpression (6), PG9 was coexpressed with hsTPST1 in ΔXT/FT
plants. To mediate proper targeting to sub-Golgi compartments,
three constructs carrying different cytoplasmic tail, transmembrane
domain, and stem (CTS) regions were tested. Expression of
hsTPST1 combined with its native CTS region (pFullhsTPST1) led
to 15–20% sulfated ΔXFPG9 (Table S1). Interestingly, replacement
of the CTS region with the corresponding domain of glycosylation
enzymes known to be targeted to the medial/trans region of the
plant Golgi (pFut11hsTPST1 and pRSThsTPST1) led to the pro-
duction of ΔXFPG9Sulf and

ΔXFRSHSulf with substantially higher
levels of sulfation, almost reaching the extent of tyrosine sulfation
observed for CHOPG9. Using pRSThsTPST1, up to 57% of plant-
produced mAbs were monosulfated or disulfated (Table 1 and
Tables S1 and S2).

Tyrosine Sulfation of PG9 Produced in Plants and CHO Cells Occurs at
the Same Positions. Sulfation of PG9 at specific tyrosine residues
is believed to be important for high-affinity antigen binding. Thus,
we set out to establish which tyrosines are sulfated in hsTPST1-
expressing plants. The tryptic CDR H3 peptide used for analyzing
the PG9 sulfation status by liquid chromatography-electrospray
ionization (LC-ESI) MS (N100CGYNYYDFYDGYYNY-
HYMDVWGK105) contains several tyrosine residues that are
potential TPST targets. Additional digestion by AspN cleaved the
peptide into three parts. In CHOPG9 as well as sulfated PG9 and

Table 1. Tyrosine sulfation of plant-produced PG9 and RSH

Sulfates CHOPG9 ΔXFPG9 ΔXFPG9Sulf
ΔXFPG9SulfSia

ΔXFRSH ΔXFRSHSulf
ΔXFRSHSulfSia

0 19 >98 49 43 >98 53 49
1 60 <1 33 34 <1 31 34
2 21 <1 18 23 <1 17 17
1 or 2 82 <2 51 57 <2 47 51

Relative amounts of unsulfated, singly sulfated, and doubly sulfated PG9 and RSH when coexpressed with
pRSTTPST1 in plants. The sulfation status of CHOPG9 is shown for comparison.

Fig. 1. ΔXFPG9Sulf and
CHOPG9 are singly and doubly sulfated in the region N100CGYNYY100H. The sulfation sites of (A) ΔXFPG9Sulf and (D) CHOPG9 were mapped

by liquid chromatography-electrospray ionization MS to the tryptic PG9 peptide N100CGYNYYDFYDGYYNYHYMDVWGK105. Additional digestion with AspN
revealed nonsulfated, singly sulfated, and doubly sulfated variants of the peptide N100CGYNYY100H [(B) ΔXFPG9Sulf and (E) CHOPG9]. No sulfated residues were
found on the other tyrosine-containing AspN fragment: D100IFYDGYYNYHYM100T [(C) ΔXFPG9 and (F) CHOPG9].
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RSH produced in plants, only one of three fragments was found
to be singly or doubly sulfated (N100CGYNYY100H), whereas
the other two (D100IFYDGYYNYHYM100T and D101WGK105)
were not modified (Fig. 1). This finding indicates that the sulfate
groups are attached to Y100E, Y100G, and/or Y100H independent
of the expression platform used for PG9 production. It has been
shown previously by X-ray crystallography that Y100G and Y100H

of PG9 produced in mammalian cells can be sulfated (6). Hence,
it is likely that hsTPST1 also modifies the same tyrosine residues
in planta.

PG9 Carries Human-Type N-Glycans When Expressed in Glycoengineered
Plants. Because N-glycans are known to modulate binding to cel-
lular Fc receptors (10), several glycoforms of PG9 and RSH were
produced. MS N-glycan analysis of ΔXFPG9, ΔXFPG9Sulf,

ΔXFRSH,
and ΔXFRSHSulf revealed the presence of a predominant complex
N-glycan species, G0 (GnGn) (Table 2 and Table S2). This gly-
coform accounted for roughly 45–50% of all N-glycan species. On
coexpression of PG9 and RSH with mammalian genes necessary
for terminal galactosylation and sialylation in planta (25) resulting
in the synthesis of ΔXFPG9SulfSia and ΔXFRSHSulfSia, the N-glyco-
sylation profiles shifted to 30–40% galactosylated and 6–12% sia-
lylated oligosaccharides, with G0 reduced to 15–20% (Table 2).
Importantly, core α1,3-fucose and β1,2-xylose residues were hardly
detectable in plant-produced mAbs (below 5%). By contrast,
CHOPG9 carried mainly α1,6-fucosylated N-glycans (more than
95%), with G0F6 (GnGnF6) being the most prevalent structure
(70%). Roughly 20% of CHOPG9 was galactosylated, and less
than 1% was sialylated (Table 2).

Antigen Binding by ΔXFPG9 Is Enhanced by Tyrosine Sulfation. All six
PG9 variants produced in plants (ΔXFPG9, ΔXFPG9Sulf,

ΔXFPG9SulfSia,
ΔXFRSH, ΔXFRSHSulf, and ΔXFRSHSulfSia) could be purified from
leaf extracts in good yields. When analyzed by SDS/PAGE under
reducing conditions, the heavy and light chains of the plant-made
mAbs showed the expected migration pattern, with the light
chains displaying higher electrophoretic mobilities than those of
CHOPG9 (Fig. S1). This difference is due to the removal of a
functionally unnecessary N-glycosylation site in the light chain of
the latter antibody (4), which could accelerate its clearance from
the circulation (21). Under nonreducing conditions, plant- and
CHO-derived PG9 and RSH variants yielded single bands mi-
grating at the same position (Fig. S1).
PG9 has been described to bind with high affinity to trimeric

envelope glycoproteins of a wide variety of HIV-1 isolates, and
also to gp120 monomers of selected HIV-1 strains, including
ZM109 (2, 6). To investigate the antigen-binding properties of
plant-derived PG9 and RSH variants compared with CHOPG9, we
expressed gp120ZM109 containing a C-terminal hexahistidine tag in
FreeStyle 293 (FS293) cells and purified it to apparent homoge-
neity. SDS/PAGE revealed a diffuse band as expected for a heavily
glycosylated protein (Fig. S2). N-glycosylation of two gp120 aspar-
agines (Asn160 and Asn173) has been shown to be important for
PG9 binding (2, 6). Glycosylation analysis by MS revealed mainly
Man5 structures on either of these N-glycosylation sites (Fig. S3

and Table S3). Importantly, PG9 is known to prefer such N-glycans
on Asn160, while tolerating them on Asn173. Only minor amounts of
other N-glycans were detected on either site, showing that FS293-
derived gp120ZM109 meets the prerequisites for a high-affinity
PG9 ligand.
Binding of the different PG9 and RSH variants to monomeric

gp120ZM109 and trimeric gp140BG505.SOSIP.664 (26) was tested by
ELISA (Table 3). Although unsulfated ΔXFPG9 and ΔXFRSH
had substantially lower affinity to either antigen than CHOPG9,
sulfation increased their affinities 10–16 times for trimeric
gp140BG505.SOSIP.664 and 2–5 times for monomeric gp120ZM109.
Thus, sulfated PG9 produced in plants displays a similar affinity
to its antigens as CHOPG9. RSH showed up to threefold better
binding than PG9 to either gp120 or gp140. The different glycoforms
of each mAb showed comparable EC50 values.
The avidity of the antigen–antibody interaction was also deter-

mined by biolayer interferometry (Table 4). ΔXFPG9Sulf,
ΔXFRSHSulf,

and CHOPG9 showed roughly the same affinity for gp120ZM109

(Kd values of 525, 605, and 756 nM, respectively), whereas
unsulfated ΔXFRSH exhibited a roughly fourfold lower affinity
(Kd value of 2,510 nM). The affinity of unsulfated PG9 for
gp120ZM109 was too low to be accurately determined under
the experimental conditions used (Kd > 3 μM). Overall, these
results confirm that tyrosine sulfation increases the affinity of
both antibodies.

Increased Virus Neutralization by Sulfated PG9 and RSH Variants.
Neutralization efficiencies of the antibodies were tested on a
panel of HIV-1 clade B and clade C pseudoviruses (Table 5 and
Table S4). The viruses were chosen based on previously published
data regarding their susceptibility to PG9 and RSH produced
in mammalian cells (2, 6, 7) ranging from well-neutralized to re-
sistant isolates. As expected, a number of pseudoviruses was
not neutralized under the tested conditions (JRFL, ZM214M,
PVO, and TRO.11), whereas neutralization of others was in-
termediate (ADA, YU2, andMN), good (DU156.12, DU422.1, and
ZM109), or very efficient (JRCSF and CAP45). Interestingly,

Table 2. N-glycosylation of PG9 and RSH expressed in plants and CHO cells

Glycans ΔXFPG9 ΔXFPG9Sulf
ΔXFPG9SulfSia

ΔXFRSH ΔXFRSHSulf
ΔXFRSHSulfSia

CHOPG9

Gn 50 56 19 44 60 20 79
Gal 1 1 30 2 1 39 21
Sia 0 0 6 0 0 13 0
Man5-9 50 43 45 55 39 28 1
Fuc 1 2 3 1 1 5 96

N-glycan acronyms are based on the ProGlycAn nomenclature (www.proglycan.com). Fuc, sum of core-fucosylated
N-glycans; Gn/Gal/Sia, sum of complex N-glycans with terminal GlcNAc/galactose/sialic acid residues; Man5-9, sum of
oligomannosidic N-glycans with five to nine mannose residues.

Table 3. Sulfation enhances antigen binding of plant-derived
PG9 and RSH

Antibody

EC50 (ng/mL)

gp120 gp140

CHOPG9 89 ± 2 290 ± 85
ΔXFPG9 421 ± 42 4,870 ± 1105
ΔXFPG9Sulf 92 ± 9 490 ± 170
ΔXFPG9SulfSia 101 ± 7 310 ± 30
ΔXFRSH 179 ± 49 2,230 ± 115
ΔXFRSHSulf 82 ± 19 180 ± 5
ΔXFRSHSulfSia 73 ± 13 180 ± 25

Binding of PG9 and RSH to immobilized monomeric gp120ZM109 or tri-
meric gp140BG505.SOSIP.664 was measured by ELISA. Data are presented as
means ± SEM of two or three independent experiments.
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PG9 variants displayed pronounced differences with respect to
their neutralization efficiencies. In accordance with the results of
the antigen-binding assays, tyrosine sulfation strongly enhanced
neutralization of highly sensitive isolates (50-fold and more; e.g.,
JRCSF, DU156.12, ZM109, CAP45, and DU422.1), whereas
only a modest improvement was observed for more resistant strains
(up to 1.5-fold; ADA, YU2, and MN). These data provide un-
precedented quantitative evidence for the pivotal role of CDR H3
sulfotyrosines in effective HIV-1 neutralization by PG9 as pre-
viously proposed based on the tertiary structure of the PG9/gp120
complex (6). In general, the varying sensitivities of the tested HIV-1
strains to PG9 and RSH were in good agreement with the
presence or absence of PG9-interacting residues in their gp120 V2
sequences (Fig. S4). The increase in neutralization efficiency ob-
served for RSH is in good agreement with results obtained in
antigen-binding assays. Notably, glycoengineering of plant-derived
PG9 and RSH did not affect virus neutralization.

Plant-Derived PG9 and RSH Are Capable of Mediating Antibody-
Dependent Cellular Cytotoxicity. Finally, the capability of PG9
and RSH to elicit ADCC was evaluated. This effector function is
suggested to have an important role in the control of HIV-1 viral
load and infection (12–14), although its significance in virus clearance
in vivo remains controversial, because not all bNAbs against HIV-1
mediate ADCC (27). The latter also applies to CHOPG9, which did
not support ADCC activity of human peripheral blood mononuclear
cells against target cells inoculated with a PG9-sensitive strain of
HIV-1 (JRCSF). In contrast, plant-derived PG9 and RSH induced a
potent ADCC response in a concentration-dependent manner
(Fig. 2). This difference can be explained by the absence of core
fucose residues in the N-glycans of the plant-produced mAbs, which
confers an up to 100-fold increase in ADCC potency (11).

Discussion
In this study, we aimed to optimize the potency of anti–HIV-1
bNAb PG9 by combining CDR engineering with the modulation
of different posttranslational modifications (i.e., glycosylation
and tyrosine sulfation). Sulfation of specific tyrosine residues of
PG9 and its CDR-engineered variant RSH is considered im-
portant for high-affinity binding to antigens. Although some
plants have a TPST and can sulfate phytohormones (20), PG9
expressed in N. benthamiana did not contain detectable amounts
of sulfotyrosines, indicating that mammalian-type sulfation does
not occur naturally in N. benthamiana leaves. Overexpression of
the hsTPSTs hsTPST1 and hsTPST2 (18) increased sulfation of
recombinantly produced proteins in mammalian cells (6, 28).
However, expression of full-length hsTPST1 in N. benthamiana did
not yield efficient levels of PG9 tyrosine sulfation. We and others
have shown previously that engineering of posttranslational modi-
fications in plants by overexpression of human enzymes necessitates
targeting of the respective enzyme to its correct subcellular location
(29). Indeed, on replacing the authentic CTS sequence of hsTPST1
with a plant CTS region known to target proteins to late Golgi
compartments, a marked increase in sulfation efficiency was ob-
served. This improvement suggests that the native CTS of hsTPST1
is not capable of mediating the efficient delivery of the enzyme to its
proper intracellular destination in plant cells.
The crystal structure of PG9 in complex with its antigen has

revealed that Y100G and Y100H of the PG9 heavy chain can be
sulfated (4, 6). The functional relevance of this posttranslational
modification has been largely inferred from structural studies
and a comprehensive mutational assessment of the antibody’s
CDR H3 region. Replacement of Y100G and Y100H with alanine
or phenylalanine, respectively, resulted in substantially weaker
antigen binding and HIV-1 neutralization. However, the func-
tionality of PG9 was also reduced by mutagenesis of other CDR
H3 tyrosines (4). We could map the sulfation sites of CHOPG9
and plant-produced PG9/RSH by MS to a short CDR H3 pep-
tide containing three tyrosine residues (Y100E, Y100G, and Y100H).
Sulfation of plant-produced PG9 and RSH enhanced antigen
binding and virus neutralization, indicating that, in plants as well,
Y100G and Y100H are the sulfated residues. Although the impact of
tyrosine sulfation on neutralization efficiency was previously only
assessed for singly and doubly sulfated PG9 (4), we now compared
sulfated and unsulfated PG9/RSH and observed a far more pro-
nounced difference in antiviral potency. Taken together, these
results show that singly sulfated PG9 binds and neutralizes HIV-1
better than nonsulfated antibody and that the doubly sulfated mAb
displays even further enhanced binding. Interestingly, the effect of
tyrosine sulfation on antigen binding was more pronounced for
trimeric gp140 than for monomeric gp120.

Table 4. Affinities of PG9 and RSH for gp120ZM109

Antibody Kd (nM)

CHOPG9 756 ± 163
ΔXFPG9Sulf 525 ± 75
ΔXFRSHSulf 605 ± 138
ΔXFRSH 2,510 ± 39
ΔXFPG9 >3,000

Biolayer interferometry data are presented as means ± SEM of two
(ΔXFRSH) or four to six individual determinations. The binding of ΔXFPG9 to
gp120ZM109 was too weak for accurate determination of Kd under the ex-
perimental conditions used.

Table 5. Neutralization efficiencies of PG9 and RSH against a panel of pseudoviruses

IC50 values (in micrograms per milliliter) are color-coded (green, <1 μg/mL; orange, 10–50 μg/mL; red, >50 μg/mL;
yellow, 1–10 μg/mL).
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A dependence on sulfated tyrosines was also observed for
other anti–HIV-1 mAbs binding to the V1/V2 loops or the
coreceptor binding site (30). This finding indicates that tyrosine
sulfation is a critical posttranslational modification common to
many of these antibodies (5, 30). It is of note that tyrosine
sulfation also affects the antigenicity of gp120 itself. It has been
reported that gp120 from CD4+ T cell-produced virions is
more extensively sulfated than cell line-produced gp120 (28)
and that V2 needs to be sulfated to stabilize V3. Thus, efficient
tyrosine sulfation of gp120 vaccine candidates might be crucial
for eliciting a sustained antibody response. Other biotherapeutic
candidates also depend on sulfation for optimal activity (31, 32).
Hence, the procedures developed for human-type protein
sulfation in N. benthamiana further widen the scope of this
powerful expression system.
We also intended to improve the in vivo efficacies of PG9 and

RSH by means of glycoengineering. In IgGs, elimination of core
fucose from the conserved Fc glycans strongly increases Fc-
mediated effector functions, like ADCC or antibody-dependent,
cell-mediated virus inactivation (11, 17, 33). These effector
functions seem to play an important role in HIV-1 control by the
immune system (12–14). For this reason, we produced mAbs
decorated with fucose-free, human-type N-glycans (22). Such
structures are considered “glycan-optimized,” and they are the
basis for next generation antibodies in cancer therapies (34) and
other indications (16). As expected, PG9 and RSH produced in
ΔXT/FT plants contained, in all cases, less than 5% fucosylated
glycans. By contrast, CHOPG9 was highly fucosylated (>95%),
which is typical for CHO-produced mAbs. The elimination of
core fucose residues clearly improves the potential of the plant-
derived antibodies to mediate ADCC. However, it should be
noted that the significance of ADCC in HIV-1 clearance by
bNAbs in vivo is still a controversial issue. Although a non-
fucosylated version of the anti–HIV-1 mAb b12 was more

effective in ;inducing the ADCC-dependent killing of virus-
infected cells in vitro, it did not improve protection against
vaginal challenge with a hybrid simian–human immunodeficiency
virus in macaques (35). Nevertheless, it is now well-established
that Fc effector functions are of pivotal importance for the
therapeutic activity of bNAbs against HIV-1 (36, 37).
It cannot be excluded that even the low residual levels of

nonmammalian glycans (less than 5%) present on plant-derived
PG9 and RSH could lead to adverse immune reactions on reg-
ular treatment of humans with therapeutically relevant doses of
these bNAbs (10–30 mg/kg) (38). However, biweekly infusions of
Gaucher disease patients with up to 2 mg/kg human glucocere-
brosidase produced in carrot cells have proven clinically safe
over a period of 9–12 mo, with none of the treated individuals
developing neutralizing antibodies to the recombinant enzyme
(39, 40). Noteworthy, the nonmammalian glycan content of
plant-made glucocerebrosidase (41, 42) is per mass unit about
100 times higher than that of PG9 and RSH produced in ΔXT/
FT N. benthamiana plants. This observation suggests that human
recipients could tolerate even long-term therapy with these
bNAbs. Notwithstanding, efforts should be undertaken to com-
pletely eliminate undesirableN-glycan species fromN. benthamiana
and other plant-based expression platforms (for instance, by means
of genome editing) (43).
In addition to core fucosylation, it has been also reported that

Fc sialylation can modulate the biological activities of antibodies
(44, 45). Although this modification has been shown to impede
the binding of IgG to FcγRII and FcγRIII (44, 46), recent
structural evidence suggests that sialylated Fc glycans could
tighten the interaction with FcγRI (47). Because it has not been
tested before whether sialylation of bNAbs influences their ef-
fector functions, we have produced terminally sialylated PG9 and
RSH variants in N. benthamiana by coexpression of genes from
the mammalian galactosylation and sialylation pathway (25).
Plant-produced PG9 and RSH were 30–40% galactosylated and
6–12% sialylated, similar to human serum IgG (48) and clearly
higher than for CHOPG9. Interestingly, none of the tested func-
tionalities of PG9 and RSH (antigen binding, virus neutraliza-
tion, and ADCC) were affected by the extent of galactosylation
and sialylation. However, an in vivo contribution of these N-
glycan moieties to serum half-life or other pharmacokinetically
important properties cannot be ruled out.

Materials and Methods
Experimental procedures are detailed in SI Materials and Methods. These
outlines include cloning of expression constructs, recombinant protein pu-
rification and biochemical characterization, glycosylation and sulfation
analysis by MS, ELISA, and biolayer interferometry. The protocols used for
virus neutralization and ADCC assays are also provided.
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