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ABSTRACT The activity of broadly neutralizing antibodies (bNAbs) targeting HIV-1
depends on pleiotropic functions, including viral neutralization and the elimination of HIV-
1-infected cells. Several in vivo studies have suggested that passive administration of
bNADbs represents a valuable strategy for the prevention or treatment of HIV-1. In addition,
different strategies are currently being tested to scale up the production of bNAbs to
obtain the large quantities of antibodies required for clinical trials. Production of antibodies
in plants permits low-cost and large-scale production of valuable therapeutics; furthermore,
pertinent to this work, it also includes an advanced glycoengineering platform. In this
study, we used Nicotiana benthamiana to produce different Fc-glycovariants of a potent
bNAb, PGT121, with near-homogeneous profiles and evaluated their antiviral activities.
Structural analyses identified a close similarity in overall structure and glycosylation patterns
of Fc regions for these plant-derived Abs and mammalian cell-derived Abs. When tested
for Fc-effector activities, afucosylated PGT121 showed significantly enhanced FcoyRllla inter-
action and antibody dependent cellular cytotoxicity (ADCC) against primary HIV-1-
infected cells, both in vitro and ex vivo. However, the overall galactosylation profiles of
plant PGT121 did not affect ADCC activities against infected primary CD4* T cells. Our
results suggest that the abrogation of the Fc N-linked glycan fucosylation of PGT121 is
a worthwhile strategy to boost its Fc-effector functionality.

IMPORTANCE PGT121 is a highly potent bNAb and its antiviral activities for HIV-1 pre-
vention and therapy are currently being evaluated in clinical trials. The importance of
its Fc-effector functions in clearing HIV-1-infected cells is also under investigation. Our
results highlight enhanced Fc-effector activities of afucosylated PGT121 MAbs that could
be important in a therapeutic context to accelerate infected cell clearance and slow disease
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progression. Future studies to evaluate the potential of plant-produced afucosylated
PGT121 in controlling HIV-1 replication in vivo are warranted.

KEYWORDS HIV-1, Env glycoproteins, broadly neutralizing antibodies, PGT121, plant
antibodies, Nicotiana benthamiana, glycosylation, fucose, galactose, ADCC, FcyRllla,
Envelope glycoproteins, HIV-1, plant antibodies, neutralizing antibodies

uman immunodeficiency virus type 1 (HIV-1) envelope glycoproteins (Env) repre-

sent the main virus-specific antigen exposed at the surface of viral particles and
infected cells. As such, Env represents a unique target for neutralization and Fc-effector
functions, such as antibody-dependent cellular cytotoxicity (ADCC). Several in vivo
studies in humanized mice and nonhuman primate (NHP) models of HIV-1 infection
(1-7), as well as in HIV-T-infected humans, have shown that passive administration of
broadly neutralizing antibodies (bNAbs) can confer both effective preexposure prophylaxis
and therapeutic control of viremia (8-12). The progress made over the last few years further
spurred the interest to use bNAbs for protection and control of HIV-1 infection in ongoing
clinical trials (NCT03707977, NCT04319367, and NCT03837756). With the expansion in the
use of bNAbs and the large amounts of antibodies required to perform these studies, the
cost that is associated with producing them in mammalian cells poses a significant barrier
(13, 14). Alternate cost-effective platforms to express and purify these bNAbs are being
explored. Strategies that are currently being tested to increase the production of monoclo-
nal antibody (MAb) therapeutics include bacteria such as Escherichia coli (15) and yeast
such as Pichia pastoris (16).

Another platform gaining significant interest in the recent decade is the production of
MAbs and other biologic drugs in plant-based systems using Nicotiana benthamiana (17,
18). This allows the unlimited potential for large-scale, cost-effective production of valuable
therapeutic proteins (19, 20). In addition, production cost is not the only advantage of this
technology. This method offers rapid development timelines since plant expression systems
apply transient-expression technology using Agrobacterium to introduce DNA expression
vectors encoding MAbs of interest into the plant by horizontal gene transfer. This system
allows MAb production of upwards of 10% total soluble protein biomass that usually peaks
within 1 week, after which the plants can be harvested for product purification (21, 22).

Furthermore, plant expression systems now also harbor the advantage of an advanced gly-
coengineering platform (23). Since posttranslational modifications are critical for the functional
activities of antibodies, glycoengineering is a valuable tool to improve their Fc-effector func-
tions. Glycoengineered MAbs have already demonstrated their potential for other viral infec-
tions, including Zika (24), Dengue (25), rabies (26) and West Nile (27) viruses. The glycosylation
status of MAbs modulates Fc gamma receptors (F)R) binding to improve or decrease Ab-
mediated effector functions, such as ADCC. This is dictated by glycan moieties that can be
added or removed from asparagine-297 (N297), the single N-linked glycosylation site of IgG Fc
fragment. Mutations of N297 residue have been shown to diminish FcyR binding and specific
Fc-glycan modifications have been shown to modulate Ab functionality (28-31). Concurrent
with the research being done to glycoengineer Env-specific bNAbs against HIV-1 (32-35), we
have utilized a N. benthamiana-based glycoengineering platform in this study that is valuable
in the currently expanding field of HIV-1 bNAbs therapy.

Here, we generated different glycoforms of the highly potent PGT121 bNAb, which
recognizes the N332 supersite at the base of Env V3 loop (36-40). PGT121 has been
shown to provide prolonged viral suppression in chronically infected rhesus macaques
(1) and to mediate effective protection against cell-free viral mucosal (41, 42) and cell-
associated intravenous (43) SHIV challenges. While bNAbs antiviral effects can be largely
attributed to the ability of antibodies to neutralize viral particles (44), Fc-mediated functions
have also been associated with optimal bNAb activity in vivo (1, 2, 45-48) but remains some-
what controversial in the context of protection against infection (49). We evaluated the abil-
ities of these PGT121 glycovariants to interact with FcyRllla and mediate efficient ADCC
against HIV-1 and SHIV-infected cells in vitro and ex vivo.
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PGT121 GO 69%
PGT121 GOF 12% 66%
PGT121 G2 8% 9% 42%
PGT121 G2F 2% 10% 1% 8% 8% 42%
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FIG 1 N-linked glycans of N. benthamiana-produced PGT121 glycovariants. The percentages of predominant N-glycosylations on PGT121 GO, PGT121 GOF,
PGT121 G2, and PGT121 G2F are presented in the table. Schematic diagrams are across the top, where Asn is asparagine 297, GnGn is diantennary N-
acetylglucosamine, F is fucose, and A is galactose. Glycan species abundances are given as percentages, and minor glycoforms are not indicated. Glycan

nomenclature is further described by ProGlycAn.

RESULTS

Generation of near-homogeneous plant-derived PGT121 glycovariants. Most
therapeutic protein drugs, such as MAbs, exist as mixtures of glycoproteins that are identi-
cal in amino acid sequence composition yet variable in glycosylation profile due to a series
of posttranslational modifications. In this study, a versatile platform was used to produce
Env-specific bNAb PGT121 with controlled posttranslational glycomodification. This plat-
form involved transient expression of antibody genes in a proprietary Nicotiana benthami-
ana plant line engineered for knockdown of plant-specific «1,3-fucosylation and B1,2-
xylosylation (KDFX) (18), thus producing MAbs with predominantly biantennary N-acetyl-
glucosamine (GnGn) glycans (GO glycoform). When MAbs were transiently coexpressed
with human a-1,6 fucosyltransferase in KDFX plants, glycans bearing core fucose resulted;
with human «1,4 galactosyltransferase, glycans with galactose linkages being either
mono- or diantennary resulted (50, 51). In this study, we produced diverse PGT121 glyco-
variants that were purified from different plant treatments, resulting in mainly GO (agalac-
tosylated and afucosylated), GOF (agalactosylated and fucosylated), G2 (two galactose resi-
dues and afucosylated) or G2F (two galactose residues and fucosylated) glycans (Fig. 1),
respectively, with minor amounts of branched oligomannose residues. All plant treatments
produced antibodies with highly homogeneous glycosylation profiles characterized by a
single dominant glycan. MAb PGT121 produced in mammalian 293F cells was also used in
this study; its glycosylation status has been previously reported as GOF (agalactosylated
and fucosylated) with minor amounts of other N-linked glycans (42).

Fc glycosylation does not affect the ability of PGT121 to recognize infected
cells nor its neutralization capacity. Taking our panel of glycoengineered PGT121
MAbs, we first evaluated their overall binding capacity to Env on the surface of infected
cells compared to the 293F-produced PGT121. First, we used a lymphocytic cell line (CEM.
NKr) infected with three different infectious molecular clones (IMCs) expressing Env in its
“closed” conformation (HIV-1zcse [52], SHIVzpg eo [53], and SHIVgesos N332 S375Y [44]). As
controls, we included a version of 293F-produced PGT121 with Fc mutations known to
decrease FoyRllla interactions (L234A/L235A [LALAY]), as well as a nonspecific MAb, trastu-
zumab, a HER2-specific MAb used in specific cancer immunotherapies (54) in our panel. At
2 days postinfection, cells were stained with the respective MAbs, and all plant-produced
PGT121 glycovariants recognized cells infected with the three IMCs to the same extent as
293F-produced PGT121 (Fig. 2A to C). Furthermore, in agreement with an equivalent Env
recognition by all PGT121 glycovariants, no significant differences in their ability to neu-
tralize HIV-1gcqr, SHIVapg eo, @and SHIVgsos lentiviral particles were observed (Fig. 2D to F).
These results confirm that modifying the Fc domain does not affect the antigen recogni-
tion and neutralization capabilities of PGT121.

The Fc glycosylation profile of PGT121 regulates its capacity to mediate ADCC.
Next, we evaluated the efficacy of our panel of glycoengineered MAbs to eliminate infected
cells.
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FIG 2 Fc glycosylation does not affect the ability of PGT121 to recognize infected cells or its neutralization capacity. Cell surface staining of CEM.NKr
CCR5™ cells infected with HIV-1 pcqq (A), SHIV \pg e (B), and SHIV.s,s (C) was performed 48 h postinfection. Antibody binding was detected using Alexa Fluor
647-conjugated anti-human secondary Abs. Graphs represent the median fluorescence intensities (MFI) in the infected population (p24+ or p27+)
determined from at least five independent experiments, with the error bars indicating means = the standard errors of the mean (SEM). Statistical
significance was tested using an unpaired t test or a Mann-Whitney U test based on statistical normality (****, P<0.0001; ns, nonsignificant). (D to F)
Lentiviral particles produced from HIV-1 ;.o (D), SHIV,pgeo (E), and SHIVggsos (F) IMCs. Viruses were incubated with serial dilutions of trastuzumab and
PGT121 MAbs at 37°C for 1 h prior to infection of TZM-bl target cells. The infectivity at each Ab concentration tested is shown as the percentage of
infection without Ab for each virus. Quadruplicate samples were analyzed in each experiment. The data shown are the means of results obtained in at
least three independent experiments. Error bars indicate means * the SEM. Black histogram/curves represent 293F cell-derived MAbs and green histogram/

curves represent plant-derived MAbs.

The susceptibility of CEM.NKR cells (infected HIV-1zcsr, SHIVppseo, @and SHIVggsos) to
ADCC was measured with a previously described fluorescence-activated cell sorting (FACS)-
based ADCC assay that measures the elimination of productively infected cells by measuring
the presence of intracellular HIV-1 or SHIV capsid antigens (p24+ and p27+, respectively) (44,
55, 56) (Fig. 3A to C). As expected, no ADCC activity was observed with the negative control,
trastuzumab. Furthermore, the capacity of PGT121 to mediate ADCC was significantly
impaired by the introduction of the LALA mutations in its Fc domains. Despite equivalent rec-
ognition of Env (Fig. 2), we observed significant differences in the abilities of the different
PGT121 glycovariants to mediate ADCC. As expected, the plant-produced agalactosylated and
fucosylated PGT121 (PGT121 GOF) gave results similar to those for 293F-produced PGT121,
where the N-linked glycans are also predominantly GOF. Although significant increases in
ADCC activities were observed with the two afucosylated PGT121 MAbs (GO and G2) com-
pared to their fucosylated counterparts (GOF and G2F), the galactosylated MAb (PGT121 G2)
harbored the most potent activity against CEM.NKR cells infected with HIV-1qcee (Fig. 3A). In
contrast, no effect of galactosylation was seen against both SHIV-infected cells.

We confirmed the enhanced ADCC activity of galactosylated PGT121 using a different lu-
ciferase based ADCC assay that also relies on the specific elimination of infected cells (57). In
this assay, infected CEM.NKR-CCR5-sLTR-Luc cells expressing a Tat-driven luciferase reporter
gene serve as target cells, while a CD16™ NK cell line is used as effector cells (57-59). Since
luciferase is only expressed upon productive infection, elimination of infected cells can be
calculated by the loss of luciferase activity. As expected, similar results were obtained with
this assay, where the afucosylated MAb (PGT121 G2) had enhanced ADCC activity compared
to the fucosylated MAb (PGT121 G2F) (Fig. 3D and E).

The Fc glycosylation profile of PGT121 modulates FcRllla interaction and ADCC
against infected primary CD4+ T cells. To assess the activities of N. benthamiana-derived
PGT121 MAbs in a more physiological setting, we aimed to validate our results obtained
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FIG 3 Fc glycosylation profile of PGT121 regulates its ADCC capacity against infected cells. CEM.NKR-CCR5-sLTR-Luc cells infected with HIV-1 ¢ (A),
SHIVgeses (B), and SHIV\pgeco (C) were used as target cells. PBMCs from uninfected donors were used as effector cells in a FACS-based ADCC assay. The
graphs shown represent the percentages of ADCC obtained in the presence of the respective antibodies. (D and E) For the luciferase assay, CEM.NKr-CCR5-
SLTR-Luc cells infected with SHIVpgc0, OF SIV,, .25 @s @ negative control. ADCC responses were measured as the dose-dependent loss of luciferase activity
in RLU after incubation of infected CEM.NKR-CCR5-sLTR-Luc cells with CD16" KHYG-1 effector cells in the presence of antibody. Values are the means +
standard deviations (error bars) for triplicate wells, and the dotted line indicates half-maximal lysis of infected cells. (E) Area under the curve (AUC) values
were calculated using from curves of increasing MAb concentrations shown in panel D. Error bars indicate means = the SEM. Statistical significance was
tested using a paired t test or Wilcoxon matched-pairs signed-rank test based on statistical normality (*, P<0.05; **, P<0.01; ***, P<<0.001). Black
histogram bars represent 293F cell-derived MAbs and green histogram bars represent plant-derived MAbs.

using infected CEM.NKr cell line with infected primary CD4" T cells (Fig. 4). We purified pri-
mary CD4* T lymphocytes from resting peripheral blood mononuclear cells (PBMCs) by neg-
ative selection and activated them with PHA-L/IL-2, followed by infection with HIV-1 pc,
SHIV zpg.eor OF SHIVgs0s. Once again, all our plant-produced PGT121 glycovariants recog-
nized cells infected with the three viruses to the same extent as the 293F-produced
PGT121 (Fig. 4A to C).

The N-linked glycosylation profile of IgG Fc portion has been described to strongly
dictate their ability to interact with FcyRs (28, 60). To further evaluate the impact of
PGT121 glycoforms on its interaction with FcjRllla, we incubated antibody-opsonized
infected primary CD4* T cells with a soluble recombinant dimeric FcyRllla protein that mod-
els the cross-linking of FcyRs by Abs, a process essential to activate effector cells (61-63).
Despite equivalent recognition of Env, the fucosylated PGT121 MAbs had decreased dimeric
FoyRllla engagement compared to the afucosylated glycoforms (Table 1 and Fig. 4D to F).
Moreover, both agalactosylated and galactosylated MAbs (PGT121 GO and G2, respectively)
had equivalent binding of FoyRllla in cells infected with all three viruses tested (Fig. 4D to F).

To evaluate whether the engagement of FcyRllla translates to ADCC, primary CD4*
T cells from different healthy uninfected donors were infected with HIV-1 55 and investi-
gated for their ADCC susceptibility in the presence of autologous effector cells. Similar ADCC
responses were observed with significant enhancements in the presence of the two afucosy-
lated MAbs (PGT121 GO and G2) (Table 1 and Fig. 4G). Akin to the engagement of FoyRllla,
the presence or absence of galactose did not impact ADCC responses. Moreover, the overall
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FIG 4 Fc glycosylation profile of PGT121 modulates FcyRllla interaction and ADCC against infected primary CD4* T cells. Cell surface staining of primary
CD4* T cells infected with (A and D) HIV-1 ., (B and E) SHIV,pg 0, and (C and F) SHIV,y..0s Was performed 48 h postinfection. Antibody binding was
detected either by using Alexa Fluor 647-conjugated anti-human secondary Abs (A to C) or by using biotin-tagged dimeric rsFcyRllla (0.2 wg/ml) followed
by the addition of Alexa Fluor 647-conjugated streptavidin (D to F). (A to F) Graphs represent MFI values in the infected population (p24+ or p27+)
determined from at least five independent experiments, with the error bars indicating means * the SEM. (G) Primary CD4" T cells infected with HIV-1 o
were used as target cells. Autologous PBMCs were used as effector cells in a FACS-based ADCC assay. The graph represents the percentages of ADCC
obtained in the presence of the respective antibodies. Statistical significance was tested using a paired t test or Wilcoxon matched-pairs signed-rank test
based on statistical normality (*, P<<0.05; **, P<0.01; ***, P<0.001; ns, nonsignificant). Black histogram bars represent 293F cell-derived MAbs, and green
histogram bars represent plant-derived MAbs. (H and ) Correlations between the levels of ADCC and levels of antibody binding (H) or FcoyRllla binding (1),
as measured on primary CD4" T cells infected with HIV-1 ;. Statistical significance was tested using a Pearson correlation test. Black points represent

293F cell-derived MAbs, and green points represent plant-derived MAbs.

capacity of our panel of PGT121 glycoforms to recognize Env did not correlate with the dif-
ferences in ADCC responses observed (r=0.6676, P=0.1474) (Fig. 4H), while their ability to
interact with the dimeric FcyRllla correlated significantly with ADCC activity exhibited against
HIV-1 pege-infected primary CD4* T cells (r=0.9615, P=0.0022) (Fig. 4l). Thus, the enhanced
ADCC functionality observed with the afucosylated PGT121 MAbs appears to depend on
their improved capacity to interact with FoyRllla.

Susceptibility of ex vivo-expanded primary CD4+ T cells from HIV-1-infected
individuals to PGT121-mediated ADCC. Since our results indicate that Fc fucosylation
of PGT121 plays an important role in modulating FcyRllla interaction and ADCC
response efficacy, we further evaluated whether our panel of plant-derived PGT121
glycovariants were able to eliminate ex vivo-expanded endogenously infected CD4+ T
cells. We isolated primary CD4* T cells from four antiretroviral therapy (ART)-treated
HIV-1-infected individuals and activated them with PHA-L/IL-2, where viral replication

September 2021 Volume 95 Issue 18 €00796-21

jviasm.org 6


https://jvi.asm.org

Plant-Derived bNAbs against HIV-1 Journal of Virology

TABLE 1 Functionalities of PGT121 glycovariants targeting HIV-1 zcs-infected primary CD4* T cells®

Parameter Trastuzumabt PGT121* PGT121 LALA* PGT121 GOFt PGT121 GOt PGT121 G2Ft PGT121 G2t
Antibody binding 0.05 1.00 1.06 1.10 1.20 1.10 1.12
FcyRllla binding 0.64 1.00 0.70 1.18 1.82 1.05 1.63
%ADCC 0.10 1.00 0.72 1.39 1.85 1.12 1.72

9Ab binding, FoyRllla binding, and ADCC were measured as described in Materials and Methods. Respective values obtained for each assay are normalized to the value
obtained by PGT121. *, 293F-derived MAbs; t, plant-derived MAbs.

was followed by intracellular p24 staining. In agreement with the results obtained with
HIV-1 cse-infected primary CD4* T cells, endogenously infected primary CD4* T cells were
also more susceptible to ADCC mediated by afucosylated PGT121 MAbs. Similarly, these
MAbs were also able to engage with the dimeric FcyRllla more efficiently than the fucosy-
lated PGT121, despite their comparable binding to Env present on the surface of infected
cells (Fig. 5).

The Fc regions of N. benthamiana-derived and mammalian cell-derived PGT121
are structurally similar with differences in N297 sugar composition. Functional
characterizations of our panel of glycoengineered PGT121 MAbs demonstrated signifi-
cant differences in Fc-mediated effector activities compared to mammalian cell derived
PGT121. To understand whether there are any differences in the overall structure and
glycosylation pattern within the Fc region of our engineered MAbs we determined the
2.6-A and 2.1-A crystal structures of N. benthamiana-expressed galactosylated afucosy-
lated (G2) and fucosylated (G2F) PGT121 Fcs, respectively (Table 2 and Fig. 6). Both Fcs
crystallized in the same P2,2,2, space group with similar dimensions (Table 2) indicative of
their close structural similarity. Indeed, a structural alignment confirms that the G2 and G2F
Fcs are almost identical with a main chain atom root square deviation (RMSD) of 0.59 A for
the monomers A and B that assemble to form the Fc dimer (Fig. 6A and B). In both struc-
tures, glycosyl groups attached to N297 were clearly visible permitting identification of the
differences in sugar composition. As shown in Fig. 6C, the N297 sugar of both variants con-
sists of a core formed by two N-acetyl-D-glucosamines (with the first attached directly to
N297) and one B-p-mannose with two branching arms, an «(1-3) arm (a3 arm) linked to the
03 of the mannose and an «(1-6) arm (a6 arm) linked to the O6. Both arms consist of an
a-dD-mannose followed by N-acetyl-o-glucosamine. In addition, a terminal B-p-galactose is
visible on the a6 arm (Fig. 6C, colored in cyan); a corresponding terminal galactose on the
a3 arm, if present, is not visible due to disorder. The only major difference between the G2
and G2F forms is the lack of fucosyl group in afucosylated G2. The fucosyl group branches
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FIG 5 Susceptibility of ex vivo-expanded endogenously infected primary CD4" T cells from HIV-1-infected individuals to PGT121-mediated ADCC. Primary
CD4* T cells from four different HIV-1-infected individuals were isolated and reactivated with PHA-L for 48 h, followed by incubation with IL-2 to expand
the endogenous virus. Cell surface staining of infected primary CD4* T cells was performed upon reactivation. Antibody binding was detected either by
using Alexa Fluor 647-conjugated anti-human secondary Abs (A) or biotin-tagged dimeric rsFcyRllla (0.2 wg/ml) followed by the addition of Alexa Fluor
647-conjugated streptavidin (B). (A and B) Graphs represent the MFI values in the infected population (p24+ or p27+) determined from at four different
donors, with the error bars indicating means = the SEM. (C) Ex vivo-expanded infected primary CD4* T cells from three HIV-1-infected individuals were
used as target cells. Autologous PBMCs were used as effector cells in a FACS-based ADCC assay. The graphs represent the percentages of ADCC obtained
in the presence of the respective antibodies. ADCC susceptibility was only measured when the percentage of infection (p24+ cells) was higher than 10%.
Statistical significance was tested using a paired t test or Wilcoxon matched-pairs signed-rank test based on statistical normality (*, P <0.05; **, P<0.01;
*** P <0.001; ns, nonsignificant). Black histogram bars represent 293F cell-derived MAbs, and green histogram bars represent plant-derived MAbs.
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TABLE 2 Data collection and refinement statistics for fucosylated and afucosylated human
Fc from N. benthamiana?®

Parameter Fucosylated human Fc Afucosylated human Fc
Data collection
Wavelength (A) 0.920 0.979
Space group P2,2,2, P2,2,2,
Cell parameters
a, b, cA) 49.9,79.9,138.5 49.7,80.3,137.0
a, B,v() 90, 90, 90 90, 90, 90
Fes/a.u. 1 1
Resolution (A) 50-2.1(2.21-2.1) 50-2.6 (2.74-2.6)
No. of reflections
Total 106,578 54,596
Unique 32,561 15,294
Rinerge” (%) 9.7 (77.5) 8.3(90.2)
Roim© (%) 6.1(47.9) 4.7 (49.7)
CC, ¢ 0.99 (0.50) 0.99 (0.68)
/o 5.4 (1.0 8.3(1.8)
Completeness (%) 98.7 (99.3) 88.0 (90.2)
Redundancy 33(3.4) 3.6 (3.6)
Refinement statistics
Resolution (A) 50.0-2.1 50.0-2.6
Re (%) 20.8 221
Riree' (%) 25.0 276
No. of atoms
Protein 3,359 3,335
Water 189 20
Ligand/glycan 236 200
Overall B value (A)?
Protein 59 81
Water 48 46
Ligand/ion 80 102
RMSD?
Bond lengths (A) 0.010 0.014
Bond angles (°) 1.1 1.6
Ramachandran (%)"
Favored 96.6 90.3
Allowed 29 5.8
Outliers 0.5 39
PDB ID 6VSL 6VSZ

9Values in parentheses are for highest-resolution shell.

bR nerge = 2|1 = ()|/>_1, where [ is the observed intensity and is the average intensity obtained from multiple
observations of symmetry-related reflections after rejections.

Ry = as defined by Weiss (88).

d4CC, , is as defined by Karplus and Diederichs (89).

eR =" |IF |-IFlI/>_|F,|, where F and F_are the observed and calculated structure factors, respectively.

"Riee = as defined by Briinger (90).

9IRMSD, root mean square deviation.

hCalculated with MolProbity.

directly off the first N-acetyl-o-glucosamine in the core attached to N297 in the G2F variant
(Fig. 6C, colored in green). Of note, although the density for the Fc glycan attached to mono-
mers A and B is visible in both the G2 and G2F structures, in both cases better quality density
is observed for chain A. Chain B makes fewer crystal contacts resulting in more movement
and higher b-factors for the chain B C,;2 domain and its attached glycan.

The C,2-C,;3 homodimer is stabilized by interactions between the two C,3 domains in
the dimer, which are largely identical in both Fc variants (Fig. 6A and B). The glycans of
opposing C,;2 domains are in close proximity but make no defined contacts to one another.
The core B-p-mannose and the a6 arm of the glycan are stabilized by phenylalanines 241
and 243 of the C,;2 domain while the a3 arm is only stabilized by the opposing glycan in
the dimer (Fig. 6D). The a6 arm is also stabilized by a hydrogen bond to lysine 246. This
added stability facilitates the resolution of a terminal 3-p-galactose which is in turn stabilized
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FIG 6 Structural characterization of the Fc regions of N. benthamiana-produced PGT121. (A) Crystal structures of afucosylated (right) and fucosylated (left)
Fc. The overall structure is shown in a ribbon diagram with the two heavy chains (C,,2-C;;3 domains) in lighter (chain B) and darker (chain A) shades of
orange and blue for afucosylated and fucosylated variants, respectively. The sugars attached to asparagine 297 are shown as sticks and spheres colored by
atom type (gray for carbon, red for oxygen, and blue for nitrogen). The fucose in the fucosylated Fc is colored green and the terminal galactose visible on
the a6 arm of the glycan in both structures cyan. (B) Superposition of the afucosylated and fucosylated C,2-C,3 dimer (Fc domain) colored as in panel A.
(C) Superposition of the C,;2 domains from the afucosylated (left) and fucosylated (right) Fc dimer. Blow-up views to the right show the superposition of
the glycan only with chain A shown as sticks and chain B as lines. Atom types are colored as in panel A. (D) Details of the glycan-glycan and glycan-
protein contacts in the afucosylated (left) and fucosylated (right) Fc dimers. The glycan and interacting residues are shown as sticks and the protein
backbone as a ribbon. Hydrogen bonds are shown with dashed lines. Atom types are colored as in panel A.
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FIG 7 Comparison of the overall structures of N. benthamiana expressed and mammalian expressed
human Fc domains. Structural alignment of C,2-C,3 dimers (Fc), C,2-C,3 monomers, C,2 domains,
and C,;3 domains of N. benthamiana and mammalian expressed human Fcs including the following: a
human fucosylated Fc lacking the terminal galactose (PDB ID 3AVE, yellow), an afucosylated Fc (2DTS,
pink), and a fucosylated Fc containing a terminal galactose (5VGP, gray). N. benthamiana expressed
Fcs are colored as in Fig. 6, with fucose colored green and galactose cyan. (B) Average RMSD values
for main chain atom pairwise comparisons of C,2 domains, C,3 domains, C,2-C,;3 monomers, and
C,,2-C,;3 dimers (Fc domain) shown in tabular format color coded with smaller RMSD values green
and larger RMSD values red.

by hydrogen bonds to the carbonyl oxygen of glutamate 258 and the side chain of threo-
nine 260. Details of the a3 arm past the N-acetyl-p-glucosamine are not seen due to move-
ment in the crystal.

The structures presented in Fig. 6 allowed us to compare our plant-derived G2 and
G2F PGT121 Fc structures with previously published structures of mammalian cell-
expressed Fc domains: a fucosylated Fc lacking the terminal galactose (GOF) (PDB ID
3AVE), an afucosylated Fc (GO) (PDB ID 2DTS), and a fucosylated Fc containing a termi-
nal galactose (G2F) (PDB ID 5VGP). As shown in Fig. 7A, where the structures of the Fc
dimer, the C,;2-C,;3 monomer and the individual CH, and CH; domains are overlaid,
there is very close similarity between equivalent fucosylated and afucosylated variants
of plant and mammalian derived Fcs. Figure 7B summarizes the root mean square devi-
ation (RMSD) values for all comparisons, which show that the C,;3 domain is the most
structurally similar among the comparisons with RMSDs less than 1A. Bigger differen-
ces are seen for the both the plant and mammalian expressed afucosylated structures.
The same holds true for the comparison of the C,;2 domains but the magnitude of the
RMSD is higher, 1.1 to 1.5A, reflecting the influence of the glycan bound to N297.
Looking at the Fc as a whole, a similar pattern emerges with a greater range of RMSD
variation for the afucosylated compared to the fucosylated Fc. This greater variability is
more apparent in the dimer than the monomer, supporting the interpretation that
these differences are a consequence of glycan composition. However, given these dif-
ferences, both plant and mammalian expressed Fc domains are largely identical with
respect to expression origin.
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DISCUSSION

The results presented in this study suggest that N. benthamiana can be used as a
reliable platform to produce bNAbs targeting HIV-1. No overall differences in viral neu-
tralization and binding of Env but enhanced FcjRllla engagement and ADCC against
infected cells were observed with some of the plant-derived PGT121 MAbs compared
to the 293F-produced PGT121. Importantly, Fc structures were found to be nearly iden-
tical whether the MAbs were produced in plants or in mammalian cell lines. The safety
of plant-produced biological therapeutics and the value of having a rapid and adapta-
ble system for MAb production was demonstrated during the 2014-2016 Ebolavirus
(EBOV) outbreak in West Africa (64). ZMapp, a cocktail of MAbs targeting the EBOV en-
velope glycoprotein, was produced in N. benthamiana bearing predominantly GO gly-
cans and was used as a therapeutic treatment for EBOV disease (65). No major safety
concerns were observed, while individuals receiving the ZMapp had reduced mortality,
as well as significantly shorter stays in treatment units (64).

Another advantage of using the N. benthamiana system is the ability to engineer the N-
linked glycan composition of MAbs present on the Fc region of antibodies, which critically
affects their affinity for FcyRs. Furthermore, using the KDFX transgenic N. benthamiana sys-
tem, Fc regions of IgG proteins are systematically glycosylated with the GO glycoform, with-
out any core fucose or terminal galactose moieties (18, 66). The role of core fucosylation has
been shown to be a strong determinant in the Fc affinity for FcyRllla and the removal of the
fucose from the IgG Fc increases its affinity to FoyRllla (60, 67). Consequently, afucosylated
MADbs can mediate significantly stronger ADCC responses (28, 67). Our results of improved
FoyRllla interaction and ADCC activities of afucosylated PGT121 against SHIV- or HIV-1-
infected cells, as well as endogenously HIV-1-infected cells, cumulatively suggests that the
MADb glycosylation profile can dictate its Fc-mediated effector functionality.

The presence of galactose has also been shown to enhance FcjRllla binding (68).
However, there exists conflicting evidence on the role of galactosylation on antibody func-
tionality. Some studies have found only modest differences between the presence or ab-
sence of galactose on Ab in vivo activities (69, 70). When considering the galactosylation sta-
tus of PGT121 (GO or G2), we observed a slight enhancement of ADCC mediated by
galactosylated PGT121 against CEM.NKr cells infected with HIV-1 5. However, no significant
differences were seen in a more physiologically relevant context, i.e., against primary CD4* T
cells. We believe these differences could be due to the lower cell surface level of Env present
on CEM.NKr cells, which could impact ADCC responses (71). Furthermore, as the observation
by recent studies that the absence of fucose is more predominant than the presence of gal-
actose on the ADCC activity of therapeutic MAbs (72), our results also strongly suggest that
N-linked galactosylation is not required for the improved functionality of afucosylated
PGT121. Lastly, to translationally utilize the N. benthamiana system to produce bNAbs target-
ing HIV-1, it is important to ensure high N-glycan homogeneity (51).

PGT121 was recently used in combination with a TLR7 agonist as an attempt to eliminate
the cellular reservoir in SHIV-infected macaques (73, 74). PGT121 is also currently being
tested in combination with other bNAbs for HIV-1 prophylaxis and therapy in clinical trials
(NCT03721510). Two recent studies showed that the neutralization capacity of PGT121 is suf-
ficient to protect NHP from SHIV challenges (42, 43). In these studies, Fc-impaired versions of
PGT121 provided similar levels of protection as their wild-type counterparts. However, these
studies were performed with primarily fucosylated PGT121 and did not comprehensively
explore the capacity of PGT121 to clear the cellular reservoir. Passive administration of other
potent bNAbs have been shown to decrease the number of infected cells and suppress vire-
mia in animal models and infected individuals (2, 9, 12), with important contributions from
their Fc-mediated effector functions (45). Our results suggest that afucosylated PGT121 could
boost its Fc-mediated effector capacity and thus its antiviral activity when used with a focus
of controlling existing infection and decreasing disease progression.

MATERIALS AND METHODS

Ethics statement. Written informed consent was obtained from all study participants in the
Montreal Primary HIV Infection Cohort (75, 76), and research adhered to the ethical guidelines of
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CRCHUM and was reviewed and approved by the CRCHUM institutional review board (ethics committee,
approval number CE16.164-CA). Research adhered to the standards indicated by the Declaration of
Helsinki. All participants were adult and provided informed written consent prior to enrollment in ac-
cordance with Institutional Review Board approval.

Cell lines and isolation of primary CD4* T cells. 293T human embryonic kidney cells (obtained
from ATCC) were maintained at 37°C under 5% CO, in Dulbecco modified Eagle medium (Wisent) con-
taining 5% fetal bovine serum (VWR) and 100 wg/ml penicillin-streptomycin (Wisent). CEM.NKR-CCR5-
SLTR-Luc cells and the CD16™ KHYG-1 effector cells were maintained at 37°C under 5% CO, in RPMI 1640
complete medium (Gibco) containing 10% fetal bovine serum (VWR) and 100 wg/ml penicillin-strepto-
mycin (Wisent). Primary CD4* T lymphocytes were purified from resting PBMCs by negative selection
and activated as previously described (56, 71). Briefly, PBMCs were obtained by leukapheresis from 5
HIV-uninfected healthy adults. CD4" T lymphocytes were purified using immunomagnetic beads as per
the manufacturer’s instructions (Stem Cell Technologies). CD4* T lymphocytes were activated with phy-
tohemagglutinin-L (PHA-L; 10 ug/ml) for 48h and then maintained in RPMI 1640 complete medium
(Gibco) supplemented with rIL-2 (100 U/ml).

Plant-derived protein production and purification. Methods for production of antibodies in plants
have been published (18, 21, 77, 78). Expression vectors for plant-produced trastuzumab and PGT121
were assembled in a common plasmid backbone and included a double-enhancer version of the
Cauliflower Mosaic Virus 35S promoter (EE35S) (79) driving expression of each of the respective heavy-
chain and light-chain genes plus the same promoter driving expression of Tomato Bushy Stunt Virus
P19 protein (22). A P19-only expression vector, assembled in similar fashion, was also used in some plant
treatments. Posttranslational modification vectors were also assembled similarly: oligosaccharidyltrans-
ferase STT3D (80), driven by the Arabidopsis Act2 promoter (81); alpha-mannosidase GMII from N. ben-
thamiana (Niben101Scf06280g02001.1; solgenomics.net), driven by the EE35S or Act2 promoters; N-ace-
tylglucosaminyltransferase GnTIl from N. benthamiana (Niben101Scf16329900007.1; solgenomics.net),
driven by the EE35S or Act2 promoters; human B-1,4-galactosyltransferase (GalT [82]), driven by the ba-
sal 35S promoter; and human a-1,6-fucosyltransferase (FucT; NCBI reference sequence NP_835368.1),
driven by the Act2 promoter. All plant-produced antibody and glycomodification enzyme coding
sequences were designed to incorporate preferred N. benthamiana codons according to published
methods (83, 84). Antibodies were purified using protein A (HiTrap MabSelect) and polished with Capto
Q (HiTrap Capto Q) columns according to manufacturer protocols (Cytiva Life Sceinces, Chicago, IL). Purified
antibodies were dialyzed against PBS. To assess purity, SDS-PAGE and immunoblotting were performed accord-
ing to published methods (78). Galactosylated and fucosylated antibodies were confirmed via immunoblotting
with biotinylated Ricinus communis agglutinin | for galactose or biotinylated Aleuria aurantia lectin for fucose
(both lectins were from Vector Labs), followed by horseradish peroxidase-conjugated streptavidin (BioLegend)
and chemiluminescent signal development with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher) (data not shown). Glycan analyses were as described previously (21). Briefly, glycans were prepared
using a GlykoPrep Rapid N-Glycan preparation kit (PROzyme, Hawyard, CA) and separated by hydrophilic-inter-
action liquid chromatography using a TSKgel Amide-80 column (Tosoh Bioscience, Grove City, OH) and then
identified by relative retention time and quantified using autointegration of glycan peaks. Crystallizable frag-
ments (Fcs) of N. benthamiana-expressed afucosylated and fucosylated PGT121 IgG were generated by papain
digest. Digested Fab and Fc were separated by protein A affinity purification on a HiTrap protein A affinity col-
umn (GE Healthcare, Piscataway, NJ) equilibrated in phosphate-buffered saline (PBS). The Fc fragment was
eluted with 0.1 M glycine (pH 3.0), and the pH of the eluted fractions was increased by the addition of 1 M Tris-
HCI (pH 8.5). Fc was separated from undigested IgG by gel filtration chromatography on a Superdex 200 16/60
column (GE Healthcare, Piscataway, NJ) equilibrated in 10 mM Tris-HCl (pH 7.2) and 0.1 M ammonium acetate.
Elution fractions corresponding to the predicted Fc molecular weight were combined and concentrated to
~10mg/ml for crystallization experiments.

Mammalian cell-derived protein production and purification. PGT121 and PGT121 LALA antibodies
produced in 293F cells were acquired from Scripps Research Institute Antibody Core Facility (La Jolla, CA).
FreeStyle 293F cells (Thermo Fisher Scientific) were grown in FreeStyle 293F medium (Thermo Fisher Scientific)
to a density of 1 x 10° cells/ml at 37°C with 8% CO, with regular agitation (150 rpm). Cells were transfected
with a plasmid expressing the dimeric recombinant soluble FcyRllla V> (rsFyRllla) (61) using ExpiFectamine
293 transfection reagent, as directed by the manufacturer (Thermo Fisher Scientific). 1 week later, the cells
were pelleted, and supernatants were filtered using a 0.22-um-pore-size filter (Thermo Fisher Scientific). The
rsFoyRllla proteins were purified by nickel affinity columns, as directed by the manufacturer (Thermo Fisher
Scientific). Furthermore, the purified rsFcyRllla proteins were biotinylated using the EZ-Link Sulfo-NHS-LC-
Biotinylation kit according to the manufacturer’s instructions (Themo Fisher Scientific).

X-ray crystallography, structure solution, and refinement. Crystals of both Fc isoforms were
grown by the hanging drop vapor diffusion method from 15% PEG 4000 and 0.1 M HEPES (pH 7.0). Data were
collected on crystals that had been flash frozen in liquid nitrogen. To prevent ice formation upon freezing, crys-
tals were briefly soaked in crystallization buffer with 20% 2-methyl-2,4-pentanediol (MPD) added as a cryopro-
tectant. Data were collected on the National Synchrotron Light Source Il (NSLS Il) Highly Automated
Macromolecular Crystallography (AMX) beam line (17-ID-1). Data were integrated and scaled with mosflm and
scala from the CCP4 suite of programs. Structures were solved by molecular replacement with Phaser from the
CCP4 suite based on the coordinates of 3AVE (a human fucosylated Fc). Refinement was carried out with
Refmac and/or Phenix and model building was done with COOT. Data collection and refinement statistics are
shown in Table 2. Ramachandran statistics were calculated with Molprobity and illustrations were prepared
with PyMOL Molecular graphics (http://pymol.org). The b-factor, also called a temperature factor or atomic dis-
placement parameter, indicates the precision of the atom positions in the crystallographic structures on
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macromolecules. A higher b-factor corresponds to the increased movement (disorder) of the given atom.
Atom positions can be uncertain because of disorder in the crystal from which the structure was determined.

Viral production, infections, and ex vivo amplification. For in vitro infection, vesicular stomatitis virus
G (VSV-G)-pseudotyped HIV-1 o (NIH AIDS Reagent Program), SHIV g (kindly provided by Malcom Martin),
and SHIVg.s,s IMCs were produced in 293T cells and titrated as previously described (56). The SHIV;.q05 IMC har-
bors the T332N and S375Y mutations in its Env (85). Viruses were then used to infect CEM.NKr CCR5* cells or pri-
mary CD4 T cells from healthy donors by spin infection at 800 x g for 1 h in 96-well plates at 25°C. To expand
endogenously infected CD4™" T cells, primary CD4* T cells obtained from four ART-treated HIV-1-infected individ-
uals were isolated from PBMCs by negative selection. Purified CD4* T cells were activated with PHA-L at 10 g/
ml for 48h and then cultured for at least 6days in RPMI 1640 complete medium supplemented with rlL-2
(100 U/ml) to reach greater than 10% infection for the ADCC assay. ADCC susceptibility was not assessed for one
of the donors since it only reached 4% infection.

Flow cytometry analysis of cell surface staining. Cell surface staining of infected cells was per-
formed as previously described (55, 63, 86). Binding to cell surface HIV-1 Env by anti-Env MAbs (5 wg/ml)
was performed at 48 h postinfection. Goat anti-human Alexa Fluor 647 secondary Abs (Thermo Fisher
Scientific) was used to determine overall antibody binding and AquaVivid (Thermo Fisher Scientific) as a via-
bility dye. Alexa Fluor 647-conjugated streptavidin (Thermo Fisher Scientific) was used to determine biotin-
tagged dimeric recombinant soluble FcyRllla (V'*8) binding. Cells were then permeabilized using a Cytofix/
Cytoperm fixation/permeabilization kit (BD Biosciences). HIV-1-infected cells were identified by intracellular
staining of p24 using phycoerythrin-conjugated anti-p24 MAb (clone KC57; Beckman Coulter) and SHIV-
infected cells were identified by intracellular staining using Alexa Fluor 488-conjugated anti-p27 Abs (clone
2F12). The percentage of infected cells (p24+ or p27+ cells) was determined by gating the living cell popu-
lation based on viability dye staining with AquaVivid (Thermo Fisher Scientific). Samples were analyzed on a
Fortessa cytometer (BD Biosciences), and data analysis was performed using FlowJo v10.7.1 (Tree Star).

FACS-based ADCC assay. Measurement of ADCC using the FACS-based assay was performed at 48 h
postinfection as previously described (55, 63, 87) or after reaching 10% of p24+ cells during ex vivo expansion.
Briefly, infected cells were stained with AquaVivid viability dye and cell proliferation dye (eFluor670; eBioscience)
and used as target cells. Autologous PBMCs were used as effectors cells and were stained with another cellular
dye (cell proliferation dye eFluor450; eBioscience). Effector and target cells were mixed at a ratio of 10:1 in 96-well
V-bottom plates (Corning), and 5 wg/ml of MAbs was added to appropriate wells. The plates were subsequently
centrifuged for 1 min at 300 x g and incubated at 37°C and 5% CO, for 5 h before being fixed in a 2% PBS-form-
aldehyde solution. Samples were acquired on a Fortessa cytometer (BD Biosciences), and data analysis was per-
formed using FlowJo v10.7.1 (Tree Star). The percentage of ADCC was calculated using the following formula: (%
of p24+ or p27+ cells in targets plus effectors) — (% of p24+ or p27+ cells in targets plus effectors plus Abs)/
(% of p24+ or p27+ cells in targets) by gating on live target cells.

Luciferase-based ADCC assay. Measurement of ADCC responses using the luciferase reporter assay
was performed as previously described with a NK cell line stably expressing human CD16a serving as
effector cells (44, 57-59). The lymphocytic cell line CEM.NKR-CCR5-sLTR-Luc, which expresses the firefly
luciferase (Luc) under the control of a Tat-inducible promoter, was infected with VSV G-pseudotyped
SHIV \ps.£0 @nd used as target cells. To avoid VSV G-pseudotyping replication-competent virus, a 2-bp dele-
tion was introduced into the vif gene of SHIV, . ¢, resulting in a premature stop codon followed by a frame-
shift. At 2 days postinfection, effector cells were incubated with target cells for 8 h, in triplicate, at a ratio of
10:1 in the presence of different concentrations of Abs ranging from 100 wg/ml to 0.006 wg/ml using a 4-
fold dilution factor. The dose-dependent loss of Luc activity was measured as an indication of Ab-mediated
killing of productively infected cells. Infected target cells incubated with effector cells in the absence of Ab
were used to measure maximal Luc activity, and uninfected target cells cultured with effector cells were
used to determine background Luc activity. ADCC activity as a percentage of relative light units (RLU) was
calculated as follows: (mean RLU at a given antibody concentration — mean background RLU)/(mean maxi-
mal RLU — mean background RLU) x 100. Area under the curve (AUC) values for ADCC were calculated from
the percent RLU, as previously described (44, 57-59).

Virus neutralization. Lentiviral particles were produced in HEK 293T using the standard calcium
phosphate transfection technique. Two days posttransfection, cell supernatants were harvested. TZM-bl target
cells were seeded at a density of 1 x 10* cells/well in 96-well luminometer-compatible tissue culture plates
(Perkin-Elmer) 24 h before infection. Viral preparations were incubated for 1h at 37°C with serial dilutions of
anti-Env antibodies in a final volume of 200 il before being added to the target cells. After a 48-h incubation
at 37°C, the medium was removed from each well, and cells were lysed by the addition of 30 ul of passive lysis
buffer (Promega), followed by one freeze-thaw cycle. An LB941 TriStar luminometer (Berthold Technologies)
was used to measure the luciferase activity of each well after the addition of 100 ul of luciferin buffer (15 mM
MgSO,, 15mM KPO, [pH 7.8], 1 mM ATP, and 1 mM dithiothreitol) and 50 ul of 1 mM p-luciferin potassium salt
(Prolume).

Statistical analyses. Statistics were analyzed using Prism version 9.0.0 (GraphPad, San Diego, CA). Every
data set was tested for statistical normality using the Shapiro-Wilk test, and this information was used to apply
the appropriate (parametric or nonparametric) statistical test. P values of <0.05 were considered significant; sig-
nificance values are indicated in the figures by asterisks (*, P < 0.05; **, P < 0.01; ***, P << 0.001; ****, P < 0.0001).

Data availability. Fucosylated and afucosylated Fc structures were deposited in the Protein Data
Bank (PDB) with PDB IDs 6VSL and 6VSZ, respectively.
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