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Transgenic Arabidopsis thaliana expressing an anti-rabies
monoclonal antibody (mAb), SO57, was obtained using
Agrobacterium-mediated floral dip transformation. The
endoplasmic reticulum (ER) retention signal Lys-Asp-Glu-
Leu (KDEL) was tagged to the C-terminus of the anti-rabies
mAb heavy chain to localize the mAb to the ER and enhance
its accumulation, When the inaccurately folded proteins
accumulated in the ER exceed its storage capacity, it results
in stress that can affect plant development and growth, We
generated T, transformants and obtained homozygous T,
seeds from transgenic Arabidopsis to investigate the effect
of KDEL on plant growth, The germination rate did not
significantly differ between plants expressing mAb SO57
without KDEL (SO plant) and mAb SO57 with KDEL (SOK
plant). The primary roots of SOK agar media grown plants
were slightly shorter than those of SO plants. Transcriptomic
analysis showed that expression of all 11 ER stress-related
genes were not significantly changed in SOK plants relative
to SO plants. SOK plants showed approximately three-

fold higher mAb expression levels than those of SO plants.
Consequently, the purified mAb amount per unit of SOK
plant biomass was approximately three times higher than
that of SO plants. A neutralization assay revealed that both
plants exhibited efficient rapid fluorescent focus inhibition
test values against the rabies virus relative to commercially
available human rabies immunoglobulins, KDEL did not
upregulate ER stress-related genes; therefore, the enhanced
production of the mAb did not affect plant growth. Thus,
KDEL fusion is recommended for enhancing mAb production
in plant systems.
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INTRODUCTION

Rabies is one of the most frequently diagnosed viral diseases
worldwide, particularly in developing countries in Asia and
Africa (Cleaveland and Hampson, 2017; Taylor and Nel,
2015). Recombinant therapeutic anti-viral antibodies and
preventive vaccines have been produced in plants (Kang
et al., 2016; Kim et al., 2018; Shin et al., 2019; Yao et al.,
2015). Arabidopsis plants have a short life span, easily man-
ageable growth conditions, and high total soluble proteins
(TSPs). Thus, it is often selected as a host for the production
of anti-rabies monoclonal antibodies (mAbs) (Koornneef and
Meinke, 2010; Song et al., 2015; 2018b). In plants, the endo-
plasmic reticulum (ER) retention signal KDEL has been fused
to recombinant proteins in the ER to increase their stability
and production level (De Meyer and Depicker, 2014; Kim et
al., 2021; Song et al., 2018b; 2019; 2020). The glycoprotein
fused with KDEL is retained in the ER and consequently has
a glycan structure without the plant-specific glycans a(1,3)-
fucose and B(1,2)-xylose, which can cause an immune re-
sponse (Song et al., 2018a; Sriraman et al., 2004).

However, high accumulation of recombinant proteins in
the ER can result in ER stress via the ER-mediated protein
quality control (ERQC) function (Deng et al., 2013; Qian et
al., 2015). ERQC activates the unfolded protein response
(UPR) signaling pathways. The main UPR pathway is con-
trolled by ER-membrane-associated activating transcription
factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and pro-
tein kinase RNA-like ER kinase (PERK) (Lee and Ozcan, 2014;
Sanderson et al., 2015). Three basic leucine zipper tran-
scription factor family proteins (bZIP17, bZIP28, and bZIP60)
(Nawkar et al., 2018), two binding immunoglobulin proteins
(BiP1 and BiP3) (Nawkar et al., 2018), two plant-specific NAC
(NAM, no apical meristem; ATAF, Arabidopsis transcription
activation factor; CUC, cup-shaped cotyledon) transcription
factors (NAC103 and NAC089) (Nawkar et al., 2018), reg-
ulators of ER stress-induced programmed cell death (BAX
inhibitor 1), B-cell lymphoma 2 (Bcl-2)-associated athano-
gene 7 (BAG7), and ER oxidoreductin 1 (ERO1) have all been
investigated in terms of ER stress regulation (Lisbona et al.,
2009; Nawkar et al., 2018; Tajima et al., 2008). In our previ-
ous study, quantitative reverse transcription polymerase chain
reaction (QRT-PCR) analysis showed responses of ER stress-re-
lated genes by high ER accumulation of anti-colorectal cancer
mADbs in transgenic Arabidopsis plants (Song et al., 2018a).

In this study, to confirm the effects of ER retention of the
human anti-rabies recombinant mAb in transgenic Arabidop-
sis on its expression and ER stress responses, we tagged the
KDEL ER retention signal to the heavy chain (HC) of a human
anti-rabies mAb (mAb SO) expressed in transgenic Arabidop-
sis. Homozygous seeds were obtained from both transgenic
plants expressing non-KDEL-tagged mAb SO (SO plants) and
transgenic plants expressing KDEL-tagged mAb SO (mAb
SOK) (SOK plants).

Germination rates, primary root lengths, mAb protein ex-
pression levels, and plant-derived mAb (mAb") virus-neutral-
izing functions were observed in SO and SOK plants.

Furthermore, the expression of ER stress-related genes in
both transgenic plants (SO and SOK) was verified by gRT-PCR
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and transcriptomic analyses to determine the effect of the ER
retention signal.

MATERIALS AND METHODS

Plant expression vector and transformation

The plant binary expression vectors pBI SO57 (pBI SO), har-
boring the HC and light chain (LC) of anti-rabies virus mAb
SO57, and pBI SO57K (pBI SOK), carrying HC fused to the
KDEL signal peptide and LC, were introduced into Agrobac-
terium tumefaciens GV3101::pMP90. Prior to the transfor-
mation experiment, five wild-type Arabidopsis thaliana seeds
(Col-0 ecotype) were sown in each pot (Song et al., 2019).
The plants were incubated in a plant growth chamber (23°C,
16-h light/8-h dark). The primary bolts of Arabidopsis were
removed when the bolts were 4-6 cm long to induce the
growth of many secondary bolts. A. tumefaciens carrying
mAb SO or mAb SO fused to KDEL (mAb SOK) expression
cassettes cultured at 28°C in Luria—Bertani (LB) medium con-
taining kanamycin was pelleted at 4,000x g for 10 min. The
pelleted inoculum was suspended with infiltration media to
adjust it to an optical density (OD) value of 0.9. A surfactant
(Silwet L-77) was added to the inoculum solution to adjust
the concentration to 0.02% (vol/vol). The flower buds were
dipped in the inoculum medium for 6 min. The plants were
covered with black plastic bags to ensure high humidity and
darkness for 24 h. The next day, the plastic bags were re-
moved. When the transformed seeds were ripe, they were
sown on Murashige and Skoog (MS) agar medium (Song et
al., 2018a). All surviving seedlings were transferred to pots
filled with soil in a growth chamber under standard condi-
tions (23°C, 16-h light/8-h dark).

PCR analysis

One hundred milligrams of 4-week-old fresh rosette leaves
(non-transgenic [NT], SO, and SOK) selected from T, plants
were used for PCR. Plant genomic DNA was extracted from
the leaves using a DNA extraction kit (RBC Bioscience, Korea).
Primer pairs were designed to determine the presence of the
HC (281 bp) and LC (227 bp) genes of mAb SO: HC forward
primer, 5'-CAG ACT CAC CAT TAC CGC-3’; HC reverse prim-
er, 5'-AGT AGT CCT TGA CCA GGC-3’; LC forward primer,
5’-CAC TGG AAC CAG CAG TGA-3’; and LC reverse primer,
5'-TGT AGT CGC CTG CAT ATG A-3’. Leaves from the NT
plant and pBI SO vector were used as positive and negative
controls, respectively. PCR analysis of all samples was per-
formed in at least three technical replicates.

Western blot analysis

Before bolt formation, we investigated the protein expres-
sion of the rosette leaves of T, plants previously confirmed
to have mAb SO and mAb SOK HC and LC DNA insertion by
PCR analysis. One hundred milligrams of 4-week-old fresh
leaf samples were ground in liquid nitrogen (LN). The ground
samples were treated with 100 pl of sample buffer (Song et
al., 2018a), boiled for 5 min, and placed on ice before being
transferred to a fresh tube. TSPs were separated by 12.5%
SDS-PAGE and then transferred to a nitrocellulose mem-
brane. Membranes were incubated in 1x PBST (1x phosphate
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buffered saline plus 0.5% [v/v] Tween 20) with 5% skim
milk for 16 h at 4°C and incubated at room temperature for
2 h with goat anti-human IgG Fcy (1:5,000) and anti-human
IgG F(ab)’, (1:5,000), which recognize the HC and LC, re-
spectively. The membranes were washed three times with 1x
PBST for 10 min at room temperature. SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, USA)
was used to treat the membranes, and an X-ray film (Agfa,
Belgium) was used to detect the targeted protein band. Fresh
leaflets of NT Arabidopsis plants were used as negative con-
trols.

Assessment of Arabidopsis germination and growth traits
To obtain homozygous lines of SO and SOK, we repeated the
antibiotic seed selection process for the T; generation. For
agar media—mediated plant growth, one hundred and fifty
seeds of SO, SOK, and NT were surface-sterilized with 70%
ethanol and distilled water and planted in plates with MS
agar containing kanamycin (50 mg-L™") (Song et al., 2018a).
The seedling plates were stored at 4°C for 3 days under
dark conditions. The plates were then vertically incubated at
23°C under 16 h light/8 h dark conditions. The number of
germinated seeds was counted to calculate the germination
rate (number of germinated seeds/number of total seeds
x 100). The germinated shoots were observed 4 days after
incubation, and primary root lengths were measured using
a ruler on days 3, 5, 11, and 13. For soil media-mediated
plant growth, subsequently, 32 randomly selected shoots
of SO, SOK, and NT plants were transplanted into pots with
soil under natural environments. Rosette leaf lengths were
measured every 5 weeks. Photographs (Digital Gross System;
Humintec, Korea) were taken 13 days after germination. All
experiments were performed with three technical and bio-
logical replicates.

Reverse transcription PCR analysis

Total RNA was isolated from fresh leaflets of the NT, SO, and
SOK plants. Four-week-old fresh rosette leaves were ground in
LN. Total RNA was isolated from plant leaf tissue using TRIzol
reagent (Invitrogen, USA). The cDNA was used as a template
for RT-PCR analysis to confirm the transcription of HC and LC
genes using the Maxime PCR Premix Kit (iNtRON Biotechnol-
ogy, Korea). Actin 8 was used as a reference gene for normal-
ization, and the following primer sets were used to amplify the
gene: actin 8 forward primer, 5'-CAA CTA TGT TCT CAG GTA
TTG CAG A-3" and actin 8 reverse primer, 5'-GTC ATG GAA
ACG ATG TCT CTT TAG T-3". The analyses were independent-
ly conducted three times with an NT plant as the negative
control, and the amplified products were analyzed by 1.0%
agarose gel electrophoresis.

Quantitative RT-PCR analysis

The root tissues of Arabidopsis seedlings grown vertically for
13 days after agar media grown seeding were collected for
agRT-PCR. Two micrograms of total RNA extracted from the
root tissue was used for cDNA production using the Super-
script Il First Strand Synthesis Kit (Invitrogen). Primer sets for
conducting gRT-PCR were used to amplify a ~200 bp region
of the 11 target transcripts. AtRTPrimer was used to design
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the primers (Han and Kim, 2006), and the primers previously
described by Song et al. (2018) were also used for gRT-PCR
conducted using a C1000 Thermal Cycler (Bio-Rad, USA).
Primer quality was determined in a previous study (Song et
al., 2018a). The analyses were performed using three techni-
cal replicates. UBI10 was used as the control.

RNA sequencing

To obtain total RNA, 13-day-old agar media grown fresh
shoots of SO and SOK were collected, ground in LN, and
applied using a tri-reagent procedure. The experiments were
performed in two biological replicates. To construct cDNA
libraries, 1 ng of mMRNA was used with the TruSeq RNA Sam-
ple Prep Kit v2 (lllumina, USA). The prepared libraries were
quantified using gPCR according to the lllumina gPCR Quan-
tification Protocol Guide. To verify the size of PCR-enriched
fragments, we confirmed the template size distribution
using an Agilent Technologies 2100 Bioanalyzer with a DNA
1000 chip. cDNA library sequencing was performed using
the NovaSeqg 6000 System (lllumina). mRNA sequencing
(MRNA-seq) reads were aligned to the A. thaliana reference
genome (TAIR10) using HISAT2 (Kim et al., 2015; 2019). The
transcript read counts were calculated, and the relative tran-
script abundances were measured in fragments per kilobase
of exon per million fragments mapped (FPKM) from String-
Tie. For quality control, we excluded 11,557 of 33,602 genes
with at least one zero count, leaving 22,045 genes to be
analyzed. These raw data were visualized with a smear plot,
volcano plot, and heat map.

Statistical analysis of gene expression level

The relative abundances of genes were measured in read
counts using StringTie. Statistical analysis was performed to
identify differentially expressed genes (DEGs) using the esti-
mates of abundances for each gene in the samples. Genes
with more than one zero read count value in the samples
were excluded. The filtered data were log,-transformed and
subjected to relative log expression normalization. The statis-
tical significance of the differential expression data was deter-
mined using the DESeg2 nbinomWaldTest (Love et al., 2014)
and fold change. The null hypothesis was that no difference
exists among groups. A P value < 0.05 was considered statis-
tically significant.

Heat map analysis

Heat map analysis was also performed using complete link-
age and Euclidean distance as a measure of similarity to
display the expression patterns of differentially expressed
transcripts that were satisfied with |fold change| > 2 and raw
P < 0.05. All data analysis and visualization of DEGs were
conducted using R 3.6.3 (https://www.r-project.org/).

Human anti-rabies mAb purification from plant biomass

One hundred fifty grams of leaves obtained from transgenic
Arabidopsis plants were ground in 900 ml homogenizing
buffer, as described in a previous study (Song et al., 2018a).
The purification processes, including chloroplast removal and
TSP isolation, have been described in detail in previous studies
(Song et al., 2018a; 2019). Both mAb SO and mAb SOK pro-



teins were eluted using protein A affinity chromatography.
The eluted mAbs were visualized by SDS-PAGE, as described
by Song et al. (2019).

In vitro anti-rabies assay for plant-derived mAb SO and
mAb SOK

The rapid fluorescent focus inhibition test (RFFIT) described
by Song et al. (2019) was conducted to determine the in vi-
tro antiviral activity of mAb SO, mAb SOK, and human rabies
immunoglobulin (HRIG; National Institute for Biological Stan-
dards and Control [NIBSC], UK). The initial concentrations
of the mAbs were 25 pg-ml”, and the mAbs were diluted to
ratios of 1:2.5, 1:12.5, 1:62.5, and 1:312.5 in dilution media,
as described in a previous study (Song et al., 2018b; 2019).
Virus neutralization tests with the challenge virus standard
(CVS-11) were performed as described by Song et al. (2018b;
2019).

RESULTS

Generation of transgenic plants

The genes encoding the HC and LC of mAb SO and mAb SOK
in plant expression vectors (pBI SO and pBI SOK, respectively)
were transferred to Arabidopsis using Agrobacterium-medi-
ated floral dip transformation (Fig. 1A). After transformation,
3,000 randomly chosen T, seeds were placed on in vitro ger-
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mination media to select transformants. Most of the seeds
developed yellow shoots without true leaves (Supplementary
Fig. S1). Twenty-four to thirty seedlings with true leaves that
were transformants for mAb SO and mAb SOK (SO and SOK,
respectively) were observed in the kanamycin selection medi-
um and grown in soil. PCR analyses showed the amplified HC
(281 bp) and LC (227 bp) genes in the rosette leaves (Fig. 1B,
upper). The PCR product was not detected in NT Arabidopsis.
After confirming the presence of the HC and LC genes, mAb
SO and SOK protein expression was confirmed by immuno-
blotting (Fig. 1B, lower). Among the plants transferred to
pots, SO and SOK plants exhibited mAb SO and SOK protein
bands, respectively. One more antibiotics selection process
was performed until T; homozygous seeds were obtained
from T, screening (Supplementary Fig. S2).

Effect of tagging ER retention signal peptide KDEL to HC
on plant growth

Among the 150 seeds plated on germination media, most
seeds of NT (98.3%), SO (96.1%), and SOK (95.8%) plants
germinated in the kanamycin-containing medium within 2-3
days, with high seedling survival percentages (Fig. 2A). Thir-
teen-day-old SO and SOK plants showed mean root length
growth of 11.6 mm and 8.3 mm, respectively (Fig. 2B). In
SOK plants, the mean root length was 1.4 times shorter than
that of SO plants (Fig. 2C). Within 4-5 days, all NT seedlings
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Fig. 1. Schematic diagram of the transformation vectors and selection of transformants. (A) Gene expression cassettes for mAb
SO57 without KDEL (SO) and mAb SO57 with KDEL (SOK) in plant binary vectors pBI mAb SO and pBI mAb SOK. Pin2p, promoter of
proteinase inhibitor Il (Pin2) gene from potato; Ca2p, cauliflower mosaic virus 35s promoter with duplicated upstream B domain; A, an
alfalfa mosaic virus untranslated leader sequence of RNA4; Pin2T, terminator of Pin2 gene; NOST, terminator of nopaline synthase (NOS)
gene; K, ER retention signal peptide. (B) Selection of positive T, transformants using PCR and western blot analyses. Rosette leaves (mAb
SO and mAb SOK) were sampled to confirm the gene existence of the HC and LC. The kanamycin selection process was repeated until T,

homozygous lines were identified (Supplementary Fig. S2).

Mol. Cells 2021; 44(10): 770-779 773



KDEL Fusion for Enhancing mAb Production
lichan Song et al.

A B
x 1007 I E 127 aNT
@ % -2 SO
T 907 S 91 —©-SOK
c 5
2 98.3 = 6]
2 80 S
£ > 31 ‘_,_k/ﬁ—,—‘
& 70 : : E
NT SO SOK = A L 1 5
Time (day)

c D

NT SO SOK SO SOK

+ - T4 T2 T3 T T2 T3

rFEOY

Tr7eT

- - =
- See===t

F
7]
_.q_,-) 35 7 *% *
© [ —— 1
E = 3.0
5
SO SOK @ 207 I
_ N 2.0 -
«a * T1 T2 T3 T1 12 T3 o
a S 15
i e 2
50- &» -_ am = HC g 10 - 1 233
- R SRR S
26-u. LC £ 051 1.00
70 o 0.0 T T T

HC LC

Fig. 2. Effect of ER retention signal on plant growth and transgene expression of transgenic Arabidopsis for mAb SO57 without KDEL
(SO) and mAb SO57 with KDEL (SOK) under kanamycin-containing agar medium. (A) The germination rate was calculated 4 days after
sowing of T; homozygous seeds on kanamycin-containing medium. The values in the graph represent the mean value of each group.
Error bars indicate the mean + SD of three replicates. (B) After sowing seeds on a square dish, the primary root lengths of non-transgenic
(NT), SO, and SOK seedlings were measured at 3, 5, 11, and 13 days. (C) A photograph was taken 13 days after sowing each seed group
on Murashige and Skoog (MS) media. Scale bar = 5 mm. The mRNA and protein expression levels of HC and LC were determined by
RT-PCR (D) and western blot (E) analyses. Lane 1, human rabies immunoglobulin (HRIG); Lane 2, NT; Lanes 3-5, mAb SO-expressing
plants; and Lanes 6-8, mAb SOK-expressing plants. The nitrocellulose (NC) membrane was stained with Coomassie Brilliant Blue R-250
containing buffer (bottom). (F) Western blot analysis to determine relative HC and LC protein levels. The band density was statistically
analyzed by the ImageJ program. Values indicated in the graph represent the mean for each group, and the error bars indicate the SD.
Asterisks represent statistical significance (*P <0.05; **P <0.01).

showed etiolation under kanamycin selection conditions. The HC band density of SOK plants was more than twice that
of SO plants (Figs. 2E and 2F).

Effect of ER retention signal on transcription and transla-

tion of HC and LC of mAb SO

The transcription and translation levels in the rosette leaves of
the SO and SOK T; plants were observed using RT-PCR and
western blot analyses, respectively (Figs. 2D and 2E). The HC
and LC transcription levels of SO plants did not differ from
those of SOK plants (Fig. 2D). These results are consistent
with those of previous studies showing that transcription is
not directly correlated with translation (Gygi et al., 1999).
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Effect of ER retention signal on ER stress related genes in
plant

To determine the effect of tagging KDEL to mAb SO on the
stress response in transgenic Arabidopsis, we visualized the
normalized DEGs between SO and SOK by volcano plot (Figs.
3A and 3B). ER stress-related genes (bZIP17, bZIP28, bZIP60,
BiP1, BiP3, IRE1a, NAC103, NAC089, BAG7, BAX inhibitor 1
[BI1], and ERO1), are labeled as red points. The volcano plot



showed the differential expression of genes between SO and
SOK plants in agar media or soil. In the plot, the ER stress-re-
lated genes were not distributed in the gray region (Fig.
3A [agar media] and Fig. 3B [soil]). Furthermore, heat map
analysis was conducted to determine how KDEL affects ER
stress-related gene expression (Fig. 3C). To this end, mRNA
was isolated from SO57 and SO57K plants grown in both
agar media and soil and was used for RNA-seq. In general,
the expression trends were dissimilar between SO57 and
SO57K under both agar media and soil growth conditions.
However, the gene expression pattern was significantly dif-
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ferent between the agar media and soil growth conditions.
The analysis was grouped by one-way hierarchical clustering
(Euclidean distance and complete linkage) using Z-scores for
normalized values (1,479 genes) (Fig. 3C).

In addition, gRT-PCR was conducted to investigate the
transcription levels of 11 ER stress-related genes (bZIP17,
bZIP28, bZIP60, BiP1, BiP3, IRE1a, NAC103, NAC089, BAG7,
BAX inhibitor 1, and EROT) in both mAb SO and mAb SOK
plants under agar media conditions (Fig. 4A). Among the 11
tested genes, BiP1 and BAX inhibitor 1 showed the highest
relative mMRNA expressions (~0.5). bZIP17, bZIP28, biZP60,

B
10.07 ez
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a - .
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Fig. 3. Volcano plot analysis of DEGs in SOK and SO groups.
(A) Gene expressions of agar media grown Arabidopsis thaliana.
(B) Gene expression of soil grown A. thaliana. X-axis, log, fold
change; Y-axis, -log;, P value, P < 0.05. (C) The heat map analysis
was grouped by the one-way hierarchical clustering (Euclidean
distance and complete linkage) using Z-score for normalized
value (1,479 genes).
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Fig. 4. Transcription levels of ER stress-related genes (bZIP17, bZIP28, bZIP60, BiP1, BiP3, IRE1a, NAC103, NAC089, BAG7, BAX
inhibitor 1, and ERO1) in transgenic SO57 without KDEL (SO) and SO57 with KDEL (SOK) Arabidopsis grown under agar media and
soil conditions. The transcription levels were measured using gRT-PCR analysis. (A) Total RNA was isolated from the roots of plants (SO
and mAb SOK) grown on kanamycin-containing plant media for 13 days (B) and isolated from 4-week-old leaves of plants (mAb SO and
mAb SOK) grown in greenhouse under soil conditions. The ubiquitin 10 (UB/70) gene was applied as a reference gene for normalization.
Error bars indicate the mean + SD of three technical replicates with three biological replicates. Asterisks represent statistical significance (NS,
not significant; *P < 0.05; **P <0.01; ***P <0.001). ER stress-related genes are listed on the X-axis. The relative mRNA expression levels

of each transgenic shoot (SO and SOK) are expressed on the Y-axis.

bZIP60, biP3, NAC103, NAC089, and ERO1 showed low
relative mRNA expression (<0.1). The relative mRNA expres-
sion levels of IRETa and BAG7 were approximately 0.1. In
the highest expression groups (BiP1 and BAX inhibitor 1),
the transcription levels were not significantly different in
SOK plants relative to SO plants. Furthermore, the other low
expression groups did not show dramatic changes. Only the
BiP3 transcription level was higher in SOK plants than that in
SO plants. However, under soil growth conditions, only the
BiP3 gene tended to be upregulated in SOK plants (Fig. 4B).

Growth of SO and SOK Arabidopsis plants in soil

Of the seeds cultured on MS agar media containing kanamy-
cin, we transplanted healthy SO (40), SOK (40), and NT (16)
seedlings with true leaves to soil in plastic pots. After trans-
plantation, the plastic pots were covered with a wrap and
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maintained under standard plant growth conditions. After
one week, the average lengths of rosette leaves were mea-
sured in each experimental group. At the first measurement,
the average lengths for SO, SOK, and NT were 1.15, 1.07,
and 1.18 cm, respectively (Supplementary Fig. S3). After two
weeks, the average lengths for each group were 1.93, 1.79,
and 1.78 cm, respectively. Three weeks after transplantation,
these values were 2.73, 2.82, and 2.84 cm, respectively.
After four weeks, those of each group were 3.32, 3.28, and
3.34 c¢m, respectively. Finally, after five weeks, these values
were 3.43, 3.40, and 3.44 cm, respectively (Supplementary
Fig. S3).

Isolation of SO and SOK mAbs from transgenic plants
Both SO and SOK homozygous seedlings expressing human
anti-rabies mAbs were planted in pots and cultivated in a
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Fig. 5. mAb purification and in vitro function of the purified
mADb SO57 without KDEL (SO) and mAb SO57 with KDEL (SOK)
as compared to mAb" against target rabies viruses (CVS-11).
(A) Confirmation of eluted fractions 1-4 of mAbs obtained from
transgenic SO and SOK Arabidopsis plants by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Lane 1, protein
marker; Lane 2, human rabies immunoglobulin (HRIG); Lanes
3-6, SO; Lanes 7-10, SOK. To investigate antibody-neutralizing
activities, antibodies (mAb", mAb SO, and mAb SOK) were mixed
with rabies virus standard strain CVS-11, respectively, and treated
on the murine neuroblastoma N2a cell line. (B) Rapid fluorescent
focus inhibition test (RFFIT) values (IU-ml™") are mean values of
each group, performed in duplicate. Error bars indicate the SD of
three biological replicates. NS, not significant.

greenhouse (Supplementary Fig. S3A). Forty grams of trans-
genic Arabidopsis leaves were obtained from a single tray. To
purify anti-rabies mAbs SO and SOK, 150 g of biomass was
used. We confirmed the presence of purified mAb SO and
SOK HC (50 kDa) and LC (25 kDa) by SDS-PAGE. Both mAb
SO and SOK were mainly eluted in fractions 1 and 2 (Fig. 5A).
The eluted samples (fractions 1-4) were quantified using Nan-
oDrop analysis. The total amount of mAb SOK (1,500 pg) ob-
tained was three-fold higher than that of mAb SO (500 pg).

Neutralization of plant-derived mAbs SO and SOK

Both mAb SO and mAb SOK were dialyzed with 1x PBS, and
their concentration (20 pg-ml™") was adjusted for virus-neu-
tralizing analysis. Ten microliters of samples (commercially
available HRIG, mAb SO, and mAb SOK) were used for each
analysis. The rabies virus-neutralizing activities of mAb SO and
mAb SOK purified from transgenic Arabidopsis were com-
pared with that of HRIG. The mean RFFIT values of each group
were as follows: HRIG (2.00 IU'-ml™"), mAb SO (7.85 IU-ml™),
and mAb SOK (7.32 IU'mI™") (Fig. 5B). Both mAbs (mAb SO
and mAb SOK) purified from transgenic Arabidopsis showed
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approximately four-fold higher RFFIT activity against the rabies
virus strain CVS-11 than that of HRIG (Fig. 5B; Supplementary
Fig. S4).

DISCUSSION

The present study revealed that the KDEL ER retention motif
affects human mAb production and plant growth in Arabi-
dopsis. In transgenic tobacco, KDEL tagging has been shown
to enhance mAb protein accumulation in the ER, eventually
increasing the production of recombinant therapeutic human
anti-rabies mAbs (Lee et al., 2013; Song et al., 2018b). Here,
Arabidopsis was used for the expression of anti-rabies mAb
SO and mAb SOK, and its growth phenotypes were observed
to investigate the effect of KDEL-tagging on human anti-ra-
bies mAb SO57 (Song et al., 2018b).

We aimed to confirm how tagging an ER retention sig-
nal to mAb SO57 affects its expression in Arabidopsis, and
whether this affects plant growth differently to the origins
and disease targets presented in Song et al. (2018a). In Song
et al. (2018a), the mAbs produced in plants were murine
antibodies targeting colorectal cancer. Our study focuses on
the gene expression of human-originated anti-rabies mAbs.
Plant growth physiology and transgene expression may vary
depending on different transgenes (Han et al., 2016; Hay
and Tsiantis, 2010). Thus, our study provides a meaningful
reconfirmation of how ER retention tagging affects transgen-
ic Arabidopsis.

The germination rates of SOK seeds were not significantly
different from those of SO seeds. This result was consistent
with that presented in Song et al. (2018a). However, SOK
plants had shorter primary roots than those of SO plants. This
result suggests that KDEL tagging of the HC affected root
growth. Indeed, in this study, the ER stress-related genes
were turned on in SOK plants with mAb ER accumulation,
affecting plant growth in agar media.

Eleven representative ER stress-related genes, controlling
the ATF6 and IRE1 pathways, were investigated as these
genes have been extensively studied in plants under ER stress
conditions (Chen and Brandizzi, 2012; Hayashi et al., 2012).

It has been reported that the UPR pathways are activated
to maintain ER homeostasis by ER stress resulting from accu-
mulation of proteins in the ER (Deng et al.,, 2013; Liu et al,,
2011; Yamamoto et al., 2003). Among the ER stress-related
pathways (Hollien, 2013; Sanderson et al., 2015), we ana-
lyzed genes associated with the ATF6 and IRE1 pathways. In
the volcano plot analysis, all the tested ER stress-related genes
of agar media and soil grown plants (SO and SOK) were
distributed in the gray region, indicating that the expression
of ER stress-related genes is not affected by accumulation of
anti-rabies virus mAb in the ER. Unlike the volcano plot analy-
sis, in gRT-PCR analysis, bZIP60, BiP3, NAC103, BAX inhibitor
1, and ERO1 exhibited differing expression levels between
SO and SOK plants grown under agar media conditions.
However, with the exception of BAX inhibitors, the relative
mMRNA expression levels of bZIP60, BiP3, NAC103, and ERO1
were approximately 0.1, suggesting that differences in ER
stress-related gene expression would be insignificant. The
bZIP60, BiP3, NAC103, BAX inhibitor 1, and ERO1 UPR path-
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way genes assist protein folding and suppress ER stress-in-
duced cell death (Ruberti et al., 2018; Wan and Jiang, 2016;
Williams et al., 2014). Under soil conditions, the relative
mRNA expression of bZIP60, BiP1, and BAG7 were reduced
in SOK plants compared to SO plants. There were no consis-
tent trends in transcriptional changes of stress-related genes
in plants soil grown compared to agar media grown plants.
In addition, SO and SOK plants that survived in the antibiotic
selection were moved into soil pots to confirm plant growth
and mAb expression patterns. In contrast to the agar media
plants, there were no differences in growth among SO, SOK,
and NT plants grown under soil conditions. These results are
similar to those reported by Song et al. (2018a). Taken to-
gether, it can be speculated that soil growth conditions such
as natural light, soil, nutrients, and water overcame ER stress
(Rickes et al., 2019; Tang et al., 2017).

The HC and LC gene transcription levels of SOK plants was
similar to those of SO plants, whereas the mAb production
level in SOK plants was three-fold higher than that in SO
plants. It is speculated that KDEL, the ER signal peptide, sta-
bly retains anti-rabies antibodies in the ER, resulting in high
production levels (Lee et al., 2013; Song et al., 2018b).

To utilize transgenic Arabidopsis for therapeutic protein
production, it is crucial to screen homozygous plant lines
with high expression levels under both agar media and soil
conditions. Approximately 2,000 seeds from SO and SOK
plants were planted in pots under greenhouse conditions,
and mature plants were harvested for anti-rabies mAb purifi-
cation. Phenotypic differences in SO and SOK plants were not
observed under greenhouse conditions. SDS-PAGE results
showed that SOK plants had a higher purified mAb quantity
per unit mass than SO plants did following purification by af-
finity chromatography.

Both mAb SO and mAb SOK purified from transgenic Ara-
bidopsis showed higher neutralizing activities toward rabies
virus strain CVS-11 than that exhibited by HRIG. These results
were also similar to those of Song et al. (2018b), in which an-
ti-rabies mAbs were expressed in transgenic tobacco plants.
In the present study, we demonstrated that Arabidopsis is
another potential alternative to produce human anti-rabies
antibodies comparable to HRIG, a counterpart antibody. Tag-
ging KDEL to HC increases the mass production of mAbs in
the plant without provoking a significant stress response un-
der the soil conditions. Thus, in plant molecular biofarming,
ER protein accumulation is recommended for the production
of therapeutic antibodies.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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