1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Plant Biotechnol J. 2014 October ; 12(8): 1098-1107. doi:10.1111/pbi.12217.

Structural and functional characterization of an anti-West Nile
virus monoclonal antibody and its single-chain variant produced
in glycoengineered plants

Huafang Lail'T, Junyun Hel't, Jonathan Hurtadol:2, Jake Stahnkel:2, Anja Fuchs3#, Erin
Mehlhop®®, Sergey Gorlatov’, Andreas Loos®, Michael S. Diamond345, and Qiang Chenl2*

1The Biodesign Institute, Arizona State University, Tempe, AZ 85287
2School of Life Sciences, Arizona State University, Tempe, AZ 85287
3Department of Medicine, Washington University School of Medicine, St. Louis. MO 63110

“Department of Molecular Microbiology, Washington University School of Medicine, St. Louis. MO
63110

SDepartment of Pathology & Immunology, Washington University School of Medicine, St. Louis.
MO 63110

5Department of Applied Genetics and Cell Biology, University of Natural Resources and Applied
Life Sciences, Vienna, Austria

"MacroGenics, Inc, Rockville, MD 20850

Abstract

Previously, our group engineered a plant-derived monoclonal antibody (MAb pE16) that
efficiently treated West Nile virus (WNV) infection in mice. In this study, we developed a pE16
variant consisting of a single-chain variable fragment (scFv) fused to the heavy chain constant
domains (Cp) of human IgG (pE16scFv-Cy). pE16 and pE16scFv-Ch were expressed and
assembled efficiently in Nicotiana benthamiana AXF plants, a glycosylation mutant lacking plant
specific N-glycan residues. Glycan analysis revealed that AXF plant-derived pE16scFv-Cn
(AXFpEl6scFv-Ch) and pE16 (AXFpEL6) both displayed a mammalian glycosylation profile.
AXFpE16 and AXFpE16scFv-C demonstrated equivalent antigen binding affinity and kinetics,
and slightly enhanced neutralization of WNV in vitro compared to the parent mammalian cell-
produced E16 (mE16). A single dose of AXFpE16 or AXFpE16scFv-Cy protected mice against
WNV-induced mortality even 4 days after infection at equivalent rates as mE16. This study
provides a detailed tandem comparison of the expression, structure and function of a therapeutic
MADb and its single-chain variant produced in glycoengineered plants. Moreover, it demonstrates
the development of anti-WNV MADb therapeutic variants that are equivalent in efficacy to pE16,
simpler to produce, and likely safer to use as therapeutics due to their mammalian N-
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glycosylation. This platform may lead to a more robust and cost effective production of antibody-
based therapeutics against WNV infection and other infectious, inflammatory, or neoplastic
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engineering; Glycoengineered plants; Plant-made pharmaceuticals; Plant-made biologics;
therapeutics; West Nile virus

Introduction

Although monoclonal antibodies (MADbs) produced in mammalian cell culture systems have
achieved remarkable clinical success, their cost -intensive manufacturing has limited the
availability, utility, and impact of these drugs. Plant-based expression systems offer
opportunities to overcome these challenges due to their ability to produce recombinant
proteins rapidly and at low cost (Chen, 2008; Chen, 2011). Production of functionally active
MADbs requires a eukaryotic host cell as they require correct folding, assembly of two heavy
chains (HC) and two light chains (LC), and complex posttranslational modifications
including N-linked glycosylation. Plants have been shown to be an efficient system for
expressing MADs and their derivatives, such as 1gG, IgA, diabodies, and recombinant
immune complex (De Muynck et al., 2010; Phoolcharoen et al., 2011). However, the
differences in N-linked glycosylation between MAbs produced in wild-type (WT) plants and
mammalian cells has limited the use of plant-derived MAbs as human therapies, because
non-native glycoforms could alter efficacy or result in plant-glycan specific immune
responses that accelerate protein clearance or cause potential adverse effects through
immune complex formation. To overcome this challenge, glycosylation pathways in several
protein production-host plants including Nicotiana benthamiana have been glycoengineered
to produce mammalian-type N-linked glycans by genetically suppressing or eliminating
enzymes for the biosynthesis of plant-specific glycans and by introducing glycoenzymes
from mammalian cells (Castilho and Steinkellner, 2012; Loos and Steinkellner, 2012). For
example, a N. benthamiana plant line (AXF) was generated by RNA interference (RNAI)
technology to silence expression of the endogenous 1,2-xylosyltransferase and al,3-
fucosyltransferase genes (Strasser et al., 2008). N-glycan analysis showed that AXF line-
produced endogenous glycoproteins exhibited a profile of complex-type N-glycans with
markedly reduced levels of al,3-fucose and virtually no plant-specific xylose on endogenous
proteins (Strasser et al., 2008). Moreover, MAbs produced in this plant line have a
homogenous mammalian N-glycoform with terminal N-acetylglucosamine (Gn) residues (.
e. GnGn structures), lacking unwanted 1,2-xylose and core al,3-fucose residues (Strasser et
al., 2008).

West Nile virus (WNV) is a positive-stranded, enveloped RNA virus that infects the central
nervous system (CNS) of human and animals. Once a disease that was restricted to Old
World countries, it has spread across the United States (US), Canada, the Caribbean region
and Latin America with more frequent and severe outbreaks of neuroinvasive disease in
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recent years (Petersen et al., 2013). Currently, no vaccine or therapeutic agent has been
approved for human use. The lack of treatment for the global WNV epidemic calls for the
development of effective and low-cost antiviral therapeutics. We previously reported a
plant-derived, humanized murine MAb (pE16) with post-exposure therapeutic activity
against WNV (Lai et al., 2010; Lai et al., 2012). We demonstrated that pE16 protected mice
from WNV infection and mortality equivalently compared to mammalian cell-produced E16
(mEZ16) in both pre- and post-exposure treatment models (Lai et al., 2010). While successful,
pE16 was produced in wild-type (WT) N. benthamiana plants, and this, potentially had the
undesirable effects of plant-specific N-glycans as human therapy. In addition, two sets of
deconstructed viral vectors based on Tobacco mosaic virus (TMV) and Potato virus X
(PVX) were used to drive the expression of HC and LC, respectively (Giritch et al., 2006).
This required the co-infiltration of 5 Agrobacterium strains and a careful control of the ratio
of TMV/PVX modules for the optimal expression and assembly of pE16. This complicates
the operational process, raises the production cost, and increases regulatory compliance
burden in establishing and validating multiple Agrobacterium banks. From a manufacturing
and safety perspective, it would be desirable to produce pE16 with mammalian N-
glycoforms, and to develop pE16 variants, such as a single-chain variable fragment (scFv) of
pE16 fused to the HC constant domain (Cp) of human 1gG (pE16scFv-Cp), that only require
one expression vector while retaining therapeutic potency.

Here, we expressed pE16 and pE16scFv-Cy in the glycoengineered N. benthamiana plant
line AXF that modifies proteins with a mammalian-type N-glycan (GnGn). We
demonstrated that AXF plants expressed and assembled pE16 and pE16scFv-Cy efficiently.
Glycan analysis confirmed that AXF plant-derived pE16 (AXFpE16) and pE16scFv-Ch
(AXFpE16scFv-CH) carried mammalian-type N-linked glycans. AXFpE16 and
AXFpE16scFv-Cy exhibited enhanced neutralization against WNV infection and showed
equivalent protection as the parent mE16 against a lethal WNV challenge in a mouse model
even 4 days after infection. Furthermore, the AXFpE16scFv-CH variant expressed and
protected equivalently as AXFpE16, and eliminated the challenge of balancing the ratio of
TMV/PVX modules for optimal expression and assembly of HC and LC. Overall, this study
provides a detailed analysis of the expression, structure and function of a therapeutic MAb
and its single-chain variant produced in a glycoengineered plants. Moreover, it demonstrates
anti-WNV MAD therapeutic variants generated in glycoengineered plants are equivalent in
efficacy to the parent pE16, but are more cost effective to produce, and likely safer to use as
therapy in humans because of their mammalian N-linked glycosylation.

Expression and assembly of pE16 and pE16scFv-Cy in AXF N. benthamiana

We initially demonstrated that pE16 and pE16scFv-Cy could be expressed and assembled
equivalently in AXF N. benthamiana as in WT plants. AXF is a N. benthamiana RNAI based
glycosylation mutant that lacks plant specific xylose and core fucose residues, thus
synthesizing mainly GnGn structures (Strasser et al., 2008). Agrobacterium tumefaciens
strains containing the pE16 (Lai et al., 2010) or pE16scFv-Cy construct (He et al., 2014)
were co-delivered into AXF N. benthamiana leaves along with the promoter module and an
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integrase construct through agroinfiltration (Chen et al., 2013; Leuzinger et al., 2013).
Expression of AXFpE16 and AXFpE16scFv-Cy was monitored by Western blotting under
reducing or non-reducing conditions. Both AXpE16 and AXpE16scFv-Cp were expressed in
leaves of AXF N. benthamiana with the expected molecular weight (Fig 1A, Lanes 2- 3),
and assembled into the expected heterotetramer (AXFpE16) or dimer (AXFpE16scFv-Cp)
(Fig 1B, Lanes 2-3). Maximum expression of AXFpE16 and AXFpE16scFv-CH was
reached 7-8 days post infiltration (dpi), with an average accumulation of 0.74 and 0.77 mg/g
leaf fresh weight (LFW), respectively (Fig 2). These levels are similar to those obtained in
WT N. benthamiana plants reported previously (He et al., 2014; Lai et al., 2010). We also
extracted AXFpE16 and AXFpE16scFv-Ch from leaves with a scalable purification process
that was previously developed for pE16 produced in WT plants (WTpE16) (Lai et al., 2010).
Both AXFpE16 and AXFpE16scFv-Cy were extracted efficiently from plant tissue and
enriched to >90% purity by a combination of ammonium sulfate precipitation and protein A
chromatography steps (Fig 1C, Lanes 2 and 3). Purified AXFpE16 and AXFpE16scFv-Cy
were used for further functional characterization.

AXFpE16 and AXFpEl6scFv-Cy exhibited mammalian N-linked glycosylation patterns

A typical feature of human IgG1-type antibodies is a conserved N-glycosylation site at
asparagine 297 (Asnygy) in the Cy2 domain; the presence of N-linked glycosylation at this
site affects stability and effector functions (Houde et al., 2010). Since both AXFpE16 and
AXFpE16scFv-Cy encode this N-linked glycosylation site, we examined their glycosylation
status by liquid-chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS).
AXFpE16 exhibited the expected mammalian-type complex N-glycan GnGn with a high
degree (~ 95%) of uniformity (Fig 3A). GnGn structures also were the major glycoform of
AXFpE16scFv-Cy (Fig 3B). However, substantial amounts of endoplasmic reticulum (ER)
typical oligomannosidic structures, predominantly Man8 and Man9, were present (Fig 3B).
Notably, no plant-specific glycan residues (i.e. p1,2-xylose and core al,3-fucose) were
detected in either AXF-expressed antibody. Homogeneous mammalian-type glycosylation
and the lack of plant-specific glycans should eliminate the risk of their immunogenicity in
humans and enhance their safety profile as therapeutic MAbs. mE16 displayed core al,6
fucosylated structures with and without terminal galactose (Fig 3C).

Antigen binding and neutralization activity of AXFpE16 and AXFpE16scFv-Cy

Antigen binding kinetics and affinity of AXFpE16 and AXFpE16scFv-Cp were investigated
by several assays. Binding to WNV envelope (E) protein was first determined by ELISA
with purified WNV E protein coated in the solid phase on microtiter plates (Lai et al., 2010).
AXFpE16 and AXFpE16scFv-Cy showed specific binding to WNV E compared to the
reference mE16 MADb (Fig 4). Antigen binding of AXFpE16 and AXFpE16scFv-Cy was
investigated more quantitatively using surface plasmon resonance (SPR) with purified
domain 111 of the WNV E protein (DIII) immobilized on a BIAcore chip (Lai et al., 2010).
As shown in Fig 5, AXFpE16 and AXFpE16scFv-Cy had very similar binding affinities and
kinetics to monovalent DIl of WNV E compared to mE16 (Kp of 18.6 to 25 nM). These
results confirm that pE16 and pE16scFv-Cy with mammalian N-linked glycoforms have
equivalent antigen binding activity as mE16.
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The neutralization potential of AXFpE16 and AXFpE16scFv-Ch was evaluated by a
quantitative neutralization assay that measures MAb inhibition of infection with WNV
reporter virus particles (RVPs) (Lai et al., 2010; Pierson et al., 2006). AXFpE16 was slightly
more potent in neutralizing WNV infection than mE16 and WTpE16 (Fig 6, Table 1).
AXFpE16scFv-Cy neutralized WNV infection equivalently compared to mE16 (Fig 6B,
Table 1). To investigate if the complement component C1q augmented the neutralizing
activity of AXFpE16 and AXFpE16scFv-Cy, purified C1q was included during the virus-
MADb incubation stage (Fig 6, Table 1). In the presence of C1q, the neutralization curves of
mE16 and AXFpE16scFv-Ch (Fig 6B and C) but not WTpE16 or AXFpE16 (Fig 6A and D)
shifted to the left, suggesting modestly or significantly greater WNV neutralization potency
of AXFpE16scFv-CH and mE16 in the presence of C1q, respectively. The difference in Clq
augmentation between these E16 variants likely reflects the variation in their N-linked
glycosylation status, which impacts their ability to interact with C1q (Lai et al., 2010;
Mehlhop et al., 2009). Overall, AXFpE16 and AXFpE16scFv-Cy retained potent
neutralizing activity against infectious WNV.

AXFpE16 and AXFpEl6scFv-CH have prophylactic and therapeutic potential against lethal
WNV infection

Five week-old wild type C57BL/6 mice (n > 10, per group) were used in prophylaxis studies
to evaluate the concentrations of AXFpE16, AXFpE16scFv-Cyy, and mE16 that prevent
WNYV infection. The New York 2000 strain of WNV (102 PFU) was inoculated in mice
subcutaneously, which has been shown previously to cause an 80 to 90% mortality rate in
this model (Engle and Diamond, 2003). On the same day of infection, increasing amounts (1
to 1000 ng) of AXFpE16, AXFpE16scFv-Cy or 100 ng of mE16 were administered as a
single dose. Notably, 70 to 100% of mice were protected from lethal infection when 100 ng
of AXFpE16 or AXFpE16scFv-Cy was administered (P < 0.01), whereas the same dose of
mE16 protected 80% of mice (Fig 7A). Thus, there was no statistically significant difference
in protection between AXFpE16, AXFpE16scFv-Ch and mE16 at this dose (P > 0.7).
Mortality also was reduced by a single injection of as low as 10 ng of AXFpE16 or
AXFpE16scFv-Cy (Fig 7A). The survival rate for 100 ng of AXFpE16 appeared to be higher
than that of 1 g treatment in these experiments. However, the difference between the two
dosages is not statistically significant (P > 0.3).

Post-exposure therapeutic treatments were performed by passively administering a single
dose of AXFpE16, AXFpE16scFv-Cy or mEL6 4 days after subcutaneous inoculation of 102
PFU of WNV. This time point was chosen because prior studies have shown that WNV has
spread to the brain in these mice by day 4 after infection (Oliphant et al., 2005). Since our
previous data showed that 50 ug - 500 ug WTpE16 was protective in the mouse model (He
et al., 2014; Lai et al., 2010), the same dosage range was used for AXFpE16 and
AXFpE16scFv-Cy, For example, 85% of mice were protected from lethal infection when a
single dose of 500 pg of AXFpE16scFv-Cy was given 4 days after WNV inoculation,
similar to the protection observed with the same dose of mE16 (80%) (Fig 7B, P> 0.7). A
single dose of 50 pg of AXFpE16 at day 4 also protected equivalently compared to mE16
(80%) (Fig 7B, P > 0.8). AXFpE16scFv-Cy also protected mice similarly as mE16 at this
lower dosage (data not shown). Overall, AXFpE16 and AXFpE16scFv-Cy, which were
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produced in plants and displayed mammalian N-linked glycans, had equivalent prophylactic
and therapeutic efficacy in mice compared to the original mg16.

Discussion

Plants offer an alternative production system to overcome the high-cost and low-capacity
challenges of the current mammalian cell culture-based manufacturing systems for MAbs
(Chen, 2008; Chen, 2011; De Muynck et al., 2010). The recent development of transient
expression systems based on deconstructed viral vectors has further increased the speed and
yield of MAb production and positioned plant-based systems as a leading contender for
MAb manufacturing (Chen et al., 2011; Giritch et al., 2006; Huang et al., 2009; Lico et al.,
2008). For example, high levels of MAbs (0.5 — 1mg/g LFW) can be produced in N.
benthamiana and lettuce plants within 10 days of vector infiltration by using the MagnICON
and geminiviral vectors (He et al., 2012; He et al., 2014; Huang et al., 2010; Lai et al., 2010;
Lai et al., 2012; Phoolcharoen et al., 2011; Zeitlin et al., 2011). While lower manufacturing
cost has been widely assumed for plant-based production platforms due to the lack of need
for capital investments to build sophisticated cell culture facilities and expensive culture
media for biomass generation, accurate documentation on the actual cost of producing plant-
made biologics (PMBs) in industry scales was scarce in scientific literature. However, a very
recent study on two plant-made enzymes that represent PMBs of diverse applications
provided the urgently needed technoeconomic evaluations of the current PMB platform and
offered solid support for the cost-saving benefit of PMBs (Tuse et al., 2014). For example,
using reported data and SuperPro Designer® modeling software, it was calculated that the
unit production costs for the plant-made human butyrylcholinesterase (BuChE) for use as a
medical countermeasure was approximately $234 or $474 per dose, respectively depending
on if Facility Dependent Costs are included in the estimation (Tuse et al., 2014). This is in
stark contrast to the ~$10,000/dose production cost reported for BUChE in the current
manufacturing system (Tuse et al., 2014). Similarly, the study demonstrated that production
of cellulase in plants for ethanol production may result in a >30% reduction in unit
production costs and an 85% reduction in the required capital investment compared with the
current fungal-based system (Tuse et al., 2014). Since Agrobacteriumis a Gram-negative
bacterium, it is crucial to monitor and remove endotoxins that may be introduced into the
feed stream by Agrobacterium during agroinfiltration. As reported previously (He et al.,
2014; Lai et al., 2010; Lai et al., 2012), our purification scheme can effectively remove
endotoxins from the MAb proteins to levels that were below specifications by the United
States Food and Drug Administration (FDA) for injectable MAb pharmaceuticals (data not
shown).

We previously demonstrated the efficacy of a plant-derived MAb pE16 as a post-exposure
therapeutic against WNV (Lai et al., 2010; Lai et al., 2012). Since pE16 was produced in
WT N. benthamiana plants, WTpE16 consequentially carried plant-typical N-glycans, which
differ from mammalian-type N-glycans by the presence of f1,2-xylose and core al,3-fucose
and the lack of terminal $1,4-galactose and sialic acid residues (Bosch et al., 2013; Gomord
et al., 2010). These differences may alter MAb efficacy as N-linked glycosylation of the Fc
region modulates the binding and activation of C1q and Fc-vy receptors (FcyRs) (Houde et
al., 2010). The difference in N-linked glycosylation also raises concerns for the
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immunogenicity of WT plant-derived MADb therapeutics, as they might induce plant-glycan
specific immune responses that reduce therapeutic efficacy by accelerating MADb clearance
from plasma or worse, cause adverse effects through immune complex formation. To
overcome these issues, we expressed pE16 and its single chain variant E16scFv-Cy in the
glycoengineered N. benthamiana plant line AXF that decorates glycoproteins with the
mammalian-type complex N-glycan GnGn (Strasser et al., 2008). Our results demonstrated
that AXFpE16 and AXFpE16scFv-Cp were expressed and assembled as efficiently as
WTpE16 with similar kinetics and yield. Importantly, glycan analysis indicated that AXF
plant-derived pE16 molecules displayed mammalian forms of N-linked glycans. AXFpE16
had no detectable plant-specific N-glycans and 95% of AXFpE16 had the predicted
mammalian glycoform GnGn. This high glycan homogeneity contrasts to that of human
embryonic kidney 293 (HEK-293) cell-produced mE16 (Lai et al., 2010), as mE16 had a
mixture of several glycoforms. This result is consistent with previous reports showing that
MADbs produced in glycoengineered N. benthamiana plants had mammalian-type N-linked
glycoforms and superior glycan homogeneity compared to their mammalian cell-produced
counterparts (Zeitlin et al., 2011). The lack of terminal sialic acids in the N-glycans of mE16
(Fig 3C) further illustrated that protein N-glycosylation in mammalian cells could be
affected by culture conditions and may have significant batch-to-batch variation. The high
degree of glycan homogeneity of plant-produced MAbs may translate into better activity in
vitro and in vivo depending on particular functional mechanisms. Glycan uniformity also
provides the opportunity to study the impact of specific carbohydrate constituents on MAb
function and correspondingly to select glycoforms with enhanced efficacy, stability, or
safety. Moreover, the ability to produce consistently glycosylated MAbs for therapeutic
applications is highly significant from both a quality and regulatory perspective.

AXFpE16scFv-Cy also exhibited mammalian glycoforms and had no detectable plant-
specific glycans. However, in addition to 40% of GnGn, 52% were of oligomannosidic
structures (Man8 and Man9-types) that are shared by plant and mammalian glycoproteins.
This incomplete glycan processing indicates aberrant localization in ER or ER-derived
vesicles for this population of AXFpE16scFv-Cy, even though this molecule was targeted
for secretion and not tagged with an ER-retention signal, such as KDEL. This result was not
unexpected, as it was previously observed that a secretion-targeted scFv-Cy exhibited
predominantly ER-type oligomannosidic N-linked glycans when produced in WT plants (He
et al., 2014). A similar observation of oligomannosidic glycoforms and aberrant subcellular
deposition also was reported for Arabidopsis (Arabidopsis thaliana) seed-derived scFv-Fcs
(Loos et al., 2011). Previous studies suggested that the altered glycosylation and localization
of scFv variants were due at least partially to the lack of the LC constant region (C) in
these constructs, as co-expression of LC and the paring of C_and CH1 reduced the
percentage of oligomannosidic glycans in scFv-Cy (Feige et al., 2009; He et al., 2014).
However, the impact of structural variations in the IgG backbone on N-linked glycosylation
may involve additional factors and warrants further investigation. Overall, the mammalian
N-linked glycoforms of AXFpE16 and AXFpE16scFv-Cy eliminate their risk of
immunogenicity and other undesirable effects associated with plant-specific glycans, and
facilitate their application as human therapeutics against WNV.
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To our knowledge, this study provides the first tandem comparison of the expression,
structure and function of a therapeutic monoclonal antibody and its single-chain variant
produced in plants. AXFpE16 and AXFpE16scFv-Ch had a similar expression pattern and
yield, and antigen-binding activity comparable to mE16. AXFpE16 was at least equivalent if
not slightly more potent than mE16 in neutralizing WNV in the absence of C1q (ECsq: 3.7
ng/ml vs. 9.2 ng/ml), whereas AXFpE16scFv-Cy neutralized WNV infection equivalently
compared to mE16. The enhanced neutralizing activity of AXFpE16 may be attributed to its
high glycan homogeneity or the difference in N-linked glycan structures between AXFpE16,
AXFpE16scFv-Cy, and mE16. Previously, two anti-HIVV MAbs with a highly homogeneous
B1,4-galactosylated (AA) N-glycan profile were observed to have improved virus
neutralization activity (Strasser et al., 2009). Studies have shown that the complement
component C1q enhances the neutralizing potency of mE16 (Mehlhop et al., 2009).
However, Clq did not augment the neutralizing potency of WTpE16 or AXFpE16. We
previously showed that WTpE16 carried plant-specific $1,2-xylose and core al,3-fucose
residues on its complex N-linked glycans which conferred lower binding to C1q and
consequently impaired the augmenting effect of C1q (He et al., 2014; Lai et al., 2010). We
speculate that the impairment of C1g augmentation in AXFpE16 also may be due to its
particular N-linked glycosylation pattern. For AXFpE16scFv-Cp, C1q did lower its ECsg by
~ 2-fold. This suggests that the population of AXFpE16scFv-Cy that displayed
oligomannosidic N-glycans might be responsible for the partial preservation of Clq
augmentation. If true, oligomannosidic glycoforms of pE16 with improved neutralization
potency can be produced readily in plants by tagging the HC C-terminus with the ER-
retention signal KDEL. In spite of their difference in neutralization potency, AXFpE16 and
AXFpE16scFv-Cy showed virtually equivalent and potent protection relative to the parent
mME16 against a lethal WNV infection in a mouse model. It is possible that the lack of Clq
augmentation for AXFpE16 in vivo was compensated by its slightly greater neutralizing
activity in the absence of C1q. Overall, these results demonstrated the potency of AXFpE16
and AXFpE16scFv-Cy in protecting mice against a lethal WNV challenge even 4 days after
infection when WNV has already disseminated into the brain.

The equivalent therapeutic potency in vivo also suggests that AXFpE16scFv-Cy may be a
desirable alternative to pE16 as a therapeutic agent. AXFpE16scFv-C combines the
advantages of both scFvs and full MAb molecules. The presence of Cy in the fusion
molecule preserves the bivalency, pharmacokinetics and effector functions of a complete
MAD. Its smaller size, however, may offer superior tissue penetration, a feature that is useful
for reaching our long-term goal of increasing the efficacy of pE16 by enhancing its
penetration across the blood-brain barrier (BBB). The smaller size of AXFpE16scFv-Cy and
the demonstration of its therapeutic potency suggest that it may be possible to develop 1gG-
like bifunctional MAbs that assemble from two scFvs with distinct binding specificities. For
example, one of the two scFvs could bind to a specific receptor (e.g., insulin receptor
(Boado et al., 2007)) on the BBB to facilitate transport into the brain, and the other scFv
would retain its binding and neutralization against WNV in the brain. Such pE16
bifunctional MAbs are currently in development and might prolong the window of efficacy.
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From a manufacturing perspective, the production of AXFpE16scFv-Cy is simpler and could
be more cost-effective than pE16. Expression of pE16 requires two set of deconstructed
viral vectors to promote expression of HC and LC, respectively (Lai et al., 2010). In turn, it
requires the engineering of two molecular constructs (HC and LC), the establishment and
validation of 5 Agrobacterium banks, and the coinfiltration of 5 Agrobacterium strains into
plant leaves. It also demands careful control of the Agrobacterium ratio of HC/LC modules
for optimal expression and assembly of pE16. These requirements complicate the
manufacturing process, may raise the production cost, and increase regulatory compliance
burdens. While major production cost of biologics are associated with downstream
processing, upstream processes including the establishment, characterization and validation
of master Agrobacterium banks especially under current Good Manufacture Practices
(cGMP) regulations can also incur substantial cost for their production. For example, one
typical mammalian cell bank for MAb costs approximately $ 350,000 — 500,000 to establish
(Rasmussen et al., 2012). The manufacturing cost for establishing a cGMP master
Agrobacterium bank is assumed to be less expensive than that of mammalian cells due to the
reduced cost in fermenter and culture media; however, it still incurs the equivalent labor and
regulatory compliance costs in charactering and validating the identity, stability and
functionality of the bank. Since the production of AXFpE16scFv-Cy only requires one
expression vector, accordingly, it would simplify the operational process, help to reduce the
overall cost of goods, and provide a more robust platform for large-scale manufacturing of
anti-WNV or other MAb-based therapeutics in plants.

Experimental Procedures

Expression of pE16 MAb and pE16scFv-Cy in AXF N. benthamiana leaves

The construction of pE16 HC and pE16 LC in pICH11599 and pICH21595 and the
construction of pE16scFv-Cyy in pICH11599 have been described previously (He et al.,
2014; Lai et al., 2010). Plant expression vectors were individually transformed into A.
tumefaciens GV3101 by electroporation as previously described (Santi et al., 2008). AXF N.
benthamiana plants were grown and agroinfiltrated or co-agroinfiltrated with GVV3101
strains containing the pE16scFv-Cy or pE16 HC/pE16 LC 3’ modules along with their
respective 5’ modules and an integrase construct as described previously to express pE16
variants (Chen, 2013; Chen et al., 2013; Lai and Chen, 2012; Lai et al., 2010; Leuzinger et
al., 2013).

Extraction and purification of pE16 variants from AXF N. benthamiana leaves

To evaluate the temporal pattern of AXFpE16 and AXFpE16scFv-Cy expression,
agroinfiltrated AXF N. benthamiana leaves were harvested 4-12 dpi. Leaves were harvested
7 dpi (AXFpE16) or 8 dpi (AXFpE16scFv-Cy) for AXFpE16 and AXFpE16scFv-Cyy
purification and other analysis. Extraction and purification of AXFpE16 and AXFpE16scFv-
Cp from plant leaves were performed using a method previously reported for WTpE16 MADb
(Lai et al., 2010). Briefly, leaves were homogenized in extraction buffer (PBS, 1mM EDTA,
10 mg/ml sodium ascorbate, 10 pg/ml leupeptin, and 0.3 mg/ml PMSF). The extract was
clarified by centrifugation at 17,700 x g for 30 min at 4°C and purified by a two-step
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purification process comprised of ammonium sulfate precipitation and protein A affinity
chromatography.

SDS-PAGE, Western blot, and ELISA

Samples containing AXFpE16 and AXFpE16scFv-Cy were subjected to 10% SDS-PAGE
under reducing (5% v/v p-mercaptoethanol) or to 4-20% gradient SDS-PAGE under non-
reducing conditions. Gels were either stained with Coomassie blue or used to transfer
proteins onto PVDF membranes. A polyclonal antibody conjugated with horseradish
peroxidase (HRP) against human-gamma HC (Southern Biotech) was used for western blot
analysis as previously described (Lai et al., 2010). The expression and antigen binding of
AXFpE16 and AXFpE16scFv-Ch were examined by ELISA as described previously (Lai et
al., 2010). Briefly, E ectodomain (amino acids 1 to 415) or DIl (amino acids 296-415) of
the New York 1999 strain of WNV was purified from E. coli (Oliphant et al., 2007) and
immobilized on microtiter plates. After incubation with plant protein extract or purified
AXFpE16 or AXFpE16scFv-Ch, an HRP-conjugated anti-human-gamma HC antibody
(Southern Biotech) was used to detect bound antibodies. The plates were then developed
with TMB substrate (KPL Inc). mE16 (Oliphant et al., 2005) was used as a reference
standard.

N-linked glycan analysis
N-linked glycosylation analysis was carried out by LC-ESI-MS as described previously
(Stadlmann et al., 2008). Briefly, MAD variants were purified and separated by reducing
SDS-PAGE. Gels were stained with Coomassie, the HC containing bands were excised from
the gel, subjected to S-alkylation and tryptic or tryptic/GluC digestion. MAb fragments were
eluted from the gel with 50% acetonitrile and separated on a Reversed Phase Column (150 x
0.32 mm BioBasic-18, Thermo Scientific) with a gradient of 1%-80% acetonitrile.
Glycopeptides were analyzed with a quadruple time-of-flight (Q-TOF) Ultima Global mass
spectrometer (Waters, Milford, MA, USA). Summed and deconvoluted spectra were used
for glycoform identification. Glycans were annotated according to the ProGlycAn
nomenclature (www.proglycan.com).

Surface plasmon resonance

Affinity measurement of E16 MADb or its variant for DIIl of WNV was performed by SPR
(BIAcore 3000 biosensor, GE, Healthcare). WNV DIl was immobilized on the CM-5
sensor chip (150 RU) by an amine coupling kit as recommended by the manufacturer.
Subsequently, purified AXFpE16, AXFpE16scFv-CH or mE16 was injected at
concentrations of 6.25, 12.5, 25, 50 and 100 nM, a flow rate of 30 ul/minute for 120 sec, and
then allowed to dissociate over 120 sec. Regeneration of naked antigen surfaces was
performed by pulse injection of 10 mM glycine pH 1.5. All binding experiments were
performed in 10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% P20
surfactant. Binding responses were analyzed using the BIA evaluation 4.1 software. Kinetic
constants, k () and k (), were estimated by global fitting analysis of the association/
dissociation curves to the Bivalent analyte interaction model. The equilibrium dissociation
constant (KD) was calculated as KD=k (g)/K ().
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Neutralization assay

WNYV reporter virus particles (RVP) were produced in HEK293T cells (Pierson et al., 2006;
Pierson et al., 2007). WNV RVPs were mixed with varying concentrations (0.24 — 16,000
ng/ml) of WTpE16, AXFpE16, AXFpE16scFv-Ch or mE16 in the presence of medium or 50
ug/ml purified human C1q protein (Complement Technologies) and then incubated with
permissive Raji-DC-SIGN-R cells. Forty hours later, cells were fixed and analyzed by flow
cytometry for GFP expression (Pierson et al., 2006; Pierson et al., 2007). Neutralization was
monitored as a function of GFP fluorescence.

Efficacy of MAbs in mice

C57BL/6 mice were housed in a pathogen-free mouse facility. Studies were performed with
approval from the Washington University School of Medicine Animal Safety Committee.
Mice received a single dose of purified AXFpE16, AXFpE16scFv-C or mE16 by
intraperitoneal injection the same day or four days after footpad infection with 102 PFU of
WNV strain 3000.0259. Kaplan-Meier analysis of survival data was performed using the
log-rank test. Statistical significance was determined using a log-rank test.
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Figure 1. Expression and purification of AXFpE16 and AXFpE16scFv-CH. A and B
Western blot analysis. AXFpE16 and AXFpE16scFv-Cy were extracted from AXF N.

benthamiana leaves, separated on SDS-PAGE gels under reducing (A) or non-reducing (B)
conditions, and blotted onto PVDF membranes. A goat anti-human gamma chain antibody
was incubated with the membranes to detect AXFpE16 (Lane 2) or AXFpE16scFv-Ch
(Lane 3). Protein sample extracted from AXF leaves infiltrated with buffer was used as
negative control (Lane 1). C. Molecular weight standard (Lane 1), purified AXFpE16
(Lane 2) and AXFpE16scFv-Ch (Lane 3) were separated on a 4-20% gradient SDS-PAGE
gel under reducing condition and visualized with Coomassie blue stain. HC: heavy chain,
scFv: single-chain variable fragment; Cy: the constant region of HC; LC: light chain; (HC
+L.C),: fully assembled heterotetrameric form of 1gG; (scFv-Cp),: dimer of scFv-Cp.
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Figure 2. Temporal expression patterns of AXFpE16 and AXFpE16scFv-Ch
Total protein from AXF plant leaves co-infiltrated or infiltrated with pE16 HC and LC or

pE16scFv-Ch construct was extracted on days 4-12 post infiltration and analyzed by ELISA
that detects the assembled form of AXFpE16 and AXFpE16scFv-CH. Mean + SD of samples
from three independent infiltrations are presented.
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Figure 3. N-linked glycan analysis of E16 antibody variants
Glycosylated peptides containing the Asn,g7 residue of the Cy region were obtained from

purified AXFpE16 (A), AXFpE16scFv-Cy (B), or mE16 (C) by tryptic digestion, and
analyzed by LC-ESI-MS. Note, AXF is a N. benthamiana N-glycosylation mutant, that
decorates proteins with mammalian type GnGn glycans. Glycans were annotated according
to the ProGlycAn nomenclature (www.proglycan.com). Due to an incomplete tryptic
digestion two glycopeptides were generated that differ by 482 Da (Loos and Steinkellner,
2012). Glycopeptide (GP) 1 is indicated with an asterisk, GP 2 is highlighted.
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Figure 4. Antigen-binding ELISA of AXFpE16 and AXFpE16scFv-CH to WNV E
Serial dilutions of AXFpE16 and AXFpE16scFv-Cp were incubated on plates coated with

WNYV E and detected with an HRP-conjugated anti-human gamma antibody. Dilutions of
mE16 were used in parallel as reference standards. A plant-produced anti-Ebola
glycoprotein (GP1) MADb (pEbola GP1) (Huang et al., 2010) was used as a negative control.
Mean + SD of samples from three independent experiments is presented. Error bars for
AXFpE16scFv-CH (SD = 0.003 — 0.014) and pEbola GP1 (SD = 0.001 — 0.007) were too
small to be visible.
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Figure 5. Surface plasmon resonance analysis of binding kinetics and affinity of AXFpE16 and
AXFpE16scFv-CH to WNV DI
AXFpE16, AXFpE16scFv-Cy or mEL16 was injected over WNV DIII fragment immobilized

to the CM-5 biosensor chip. The black dashed lines represent the global fit to Bivalent
analyte model of binding curves obtained at concentrations of 6.25, 12.5, 25, 50 or 100 nM.
A representative set of SPR binding curves from several independent experiments is shown.
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Figure 6. Neutralization of WNV by AXFpE16 and AXFpE16scFv-CH
WNV RVPs were pre-incubated with serial dilutions of AXFpE16 (A),AXFpE16scFv-Ch

(B), mE16 (C, control 1), or WTpE16 (D, control 2) in the presence of medium (w/o C1q,
black line) or 50 pg/ml of human C1q (with Clq, red line), and used to infect permissive
Raji-DC-SIGN-R cells. After 40 hours of incubation, cells were fixed and analyzed by flow
cytometry for GFP expression. Data are representative of at least two independent

experiments.
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Figure 7. AXFpE16 and AXFpE16scFv-C mediated protection in mice
A. Five week-old C57BL/6 mice were passively transferred saline, or serial increases in

dose (ranging from 1 to 1000 ng, n=10 mice per dose) of AXFpE16 or AXFpE16scFv-Ch
via an intraperitoneal route on the same day as subcutaneous infection with 102 PFU of
WNV. Survival data from at least two independent experiments were analyzed by log-rank
test. mE16 (100 ng) was used in parallel as a positive control. B. Wild type C57BL/6 mice
were infected with 102 PFU of WNV and then given a single dose of AXFpE16 (50 ug),
AXFpE16scFv-Cy (500 pg) or mHu-E16 (50 pg or 500 pg) via an intraperitoneal route at
day +4 after infection. Survival data from at least two independent experiments (n = 10 mice
per dose) were analyzed by the log-rank test.
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Table 1
Neutralization activity of E16 MAD variants

AXFpE16: E16 MAb produced in AXF N. benthamiana plants, AXFpE16scFv-CH: E16 MAb scFv-CH
variant produced in AXF N. benthamiana plants, WTpE16: E16 MAb produced in wild-type N. benthamiana
plants, mE16: E16 MAb produced in mammalian cells.

E 16 samples AXFpE16 | AXFpEl6scFv-CH | WTpE16 | mE16
EC50 (ng/ml) without C1q 3.7 9.1 6.0 9.2
EC50 (ng/ml) with C1q 3.9 5.0 6.5 3.4

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN
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