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ABSTRACT Flaviviruses are important human pathogens worldwide. Diagnostic test-
ing for these viruses is difficult because many of the pathogens require specialized
biocontainment. To address this issue, we generated 39 virus-like particle (VLP)- and
nonstructural protein 1 (NS1)-secreting stable cell lines in HEK-293 cells of 13 different
flaviviruses, including dengue, yellow fever, Japanese encephalitis, West Nile, St. Louis
encephalitis, Zika, Rocio, Ilheus, Usutu, and Powassan viruses. Antigen secretion was
stable for at least 10 cell passages, as measured by enzyme-linked immunosorbent
assays and immunofluorescence assays. Thirty-five cell lines (90%) had stable antigen
expression over 10 passages, with three of these cell lines (7%) increasing in antigen
expression and one cell line (3%) decreasing in antigen expression. Antigen secretion
in the HEK-293 cell lines was higher than in previously developed COS-1 cell line
counterparts. These antigens can replace current antigens derived from live or inacti-
vated virus for safer use in diagnostic testing.

IMPORTANCE Serological diagnostic testing for flaviviral infections is hindered by the
need for specialized biocontainment for preparation of reagents and assay imple-
mentation. The use of previously developed COS-1 cell lines secreting noninfectious
recombinant viral antigen is limited due to diminished antigen secretion over time.
Here, we describe the generation of 39 flaviviral virus-like particle (VLP)- and non-
structural protein 1 (NS1)-secreting stable cell lines in HEK-293 cells representing 13
medically important flaviviruses. Antigen production was more stable and statistically
higher in these newly developed cell lines than in their COS-1 cell line counterparts.
The use of these cell lines for production of flaviviral antigens will expand serological
diagnostic testing of flaviviruses worldwide.

KEYWORDS arbovirus, diagnostics, flavivirus, recombinant protein production

rthropod-borne viruses (arboviruses) in the family Flaviviridae cause major public

health concerns worldwide, especially as human migration and suitable mosquito
habitat evolve as a result of climate change (1). Global incidences of dengue virus
(DENV) infections continue to increase with an estimated 390 million infections every
year (2), and approximately 53% of the world’s population live in areas where DENV
transmission may occur (3). Yellow fever virus (YFV) and Japanese encephalitis virus
(JEV) demonstrate the difficulties in controlling epizootic diseases despite having effective
human vaccines against them, with recurrent outbreaks of yellow fever in sub-Saharan Africa
and South America and 68,000 cases of Japanese encephalitis in Asia per year (4, 5).
Transmission of West Nile virus (WNV) in Europe was unusually high in 2018 and coincided
with circulation of Usutu virus (USUV) (6), a closely related flavivirus. While discovery of other
emerging flaviviruses, such as Rocio virus (ROCV) (7), llheus virus (ILHV) (8), and Powassan
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virus (POWV) (9), occurred in as early as the 1940s, surveillance and adequate diagnostic
testing for these viruses continues to lag; however, the recent emergence and pandemic of
Zika virus (ZIKV) suggests that renewed attention to these flaviviruses is warranted (10).

The Arboviral Diseases Branch, Division of Vector-Borne Diseases, Centers for Disease
Control and Prevention maintains an inventory of over 500 arthropod-borne viruses and
antigens for use in serodiagnostics, most of which are not available commercially (11).
Viremia is brief and transient in most arboviral infections. Therefore, serodiagnosis is relied
on for rapid detection of acute and convalescent infections. Standard serodiagnosis of flavivi-
ruses includes enzyme-linked immunosorbent assays (ELISAs) for the detection of immuno-
globulin M (IgM) or IgG, microsphere immunoassays (MIAs), or lateral flow assays for detection
of antibody, while the plaque reduction neutralization test (PRNT) is used as the gold standard
for confirmatory diagnosis. Immunoassays require the use of concentrated viral antigen, typi-
cally either using virus from infected cell culture supernatant or sucrose-acetone-extracted
suckling mouse brain-derived antigen (12-14), both of which are laborious to produce and
difficult to standardize in antigen production.

We previously developed gene cassettes to express virus-like particles (VLPs) con-
sisting of flaviviral structural proteins, premembrane (prM), and envelope (E) in mam-
malian cell culture as an alternative to the typical viral-infected cell culture supernatant
or suckling mouse brain-derived antigens (15). VLPs are antigenically similar to viruses
but are noninfectious as they lack the genetic material to replicate while retaining the
conformation of important immuno-dominant epitopes, allowing for use in serodiag-
nostics (16, 17). Within the last 20 years, flavivirus nonstructural protein 1 (NS1) has
become an important marker for early diagnosis of acute flaviviral infections, including
DENV, WNV, JEV, YFV, and ZIKV (18-27). To make antigen production faster and safer
without the use of animals or hazardous chemicals, we previously developed stable
COS-1 cell lines secreting VLPs for production of noninfectious flaviviral antigen to sev-
eral medically important viruses, including WNV, DENV1-4, ZIKV, St. Louis encephalitis
virus (SLEV), and JEV. However, we found that antigen secretion tended to wane over
time in these cell lines, which has limited their usefulness (15, 28-30).

To overcome these difficulties with the COS-1 cell lines and to expand serology test-
ing for diagnosis of emerging flaviviruses, we developed 39 stably expressing cell lines
using human embryonic kidney-293 (HEK-293) cells expressing wild-type VLPs (WT-
VLP), cross-reactive reduced VLPS (CRR-VLP), or antigenically modified VLPs with
reduced cross-reactivity in the fusion peptide of the E protein and NS1 for 13 medically
important or potentially emerging flaviviruses. We define medically important as flavi-
viruses known to cause human disease, while the emerging flaviviruses are defined as
viruses with the potential to cause serious human disease. Flaviviruses included in the
present study are DENV1 to DENV4, YFV, JEV, WNV, SLEV, ZIKV, ROCV, ILHV, USUV, and
POWV. The HEK-293 cell line was chosen for its rapid growth and ability to produce
large amounts of recombinant protein in a serum-free, chemically defined medium.
HEK-293 cells have been used to generate stably secreting clones in many fields,
including neuropharmacology, virology, and cell biology; however, most laboratories
use the cell line for transient expression of recombinant proteins or use cell lines gen-
erated with selectable antibiotics (i.e., G418, zeocin, and hygromycin B) or through the
use of inducible promoters (31-34).

Here, we report the clonal selection of these cell lines using no antibiotic selective
pressure, and we demonstrate their superior abilities for sustained and improved pro-
duction of recombinant viral antigens over previously developed COS-1 cell lines. Of
the 39 stable HEK-293 cell lines generated, we observed that 35 of 39 cell lines (90%)
exhibited stable expression of recombinant flaviviral antigen, 3 of 39 cell lines (7%)
exhibited increased expression of recombinant flaviviral antigen, and only 1 of 39 cell
lines (3%) exhibited decreased expression of recombinant flaviviral antigen. In direct
comparison to nine previously developed COS-1 cell lines of the same constructs, all
HEK-293 cell lines demonstrated higher antigen expression and secretion than several
passages.
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TABLE 1 Flaviviral VLP and NS1 gene cassette construct characteristics

Microbiology Spectrum

Construct

Plasmid vector

Virus strain

Fusion loop mutations

DENV1 WT-VLP?
DENV1 CRR-VLP
DENV1 NS1

DENV2 WT-VLP“
DENV2 CRR-VLP?
DENV2 NS1

DENV3 WT-VLP?
DENV3 CRR-VLP?
DENV3 NS1

DENV4 WT-VLP?
DENV4 CRR-VLP?
DENV4 NS1

ILHV WT-VLP*
ILHV NS1

JEV WT-VLP
JEV CRR-VLP
JEV NS1

POWV WT-VLP
POWV CRR-VLP
POWV NS1

ROCV WT-VLP®
ROCV CRR-VLP?
ROCV NS1

SLEV WT-VLP
SLEV CRR-VLP
SLE NS1

USUV WT-VLP?
USUV CRR-VLP?
USUV NS1

WNV WT-VLP
WNV CRR-VLP
WNV NS1

YFV 17D WT-VLP
YFV 17D CRR-VLP
YFV 17D NS1

YFV IC WT-VLP

ZIKV WT-VLP
ZIKV CRR-VLP
ZIKV NS1

PVAX

PVAX

PVAX

pCB
pCB
pVAX

PVAX

PVAX

PVAX

PVAX

PVAX

PVAX

PVAX
pCDNA3
PVAX

pCDNA3
pCDNA3
PVAX
pCB
pENTR

PVAX

Costa Rica 1994

16007

16681

Panama 1994

Honduras 1994

Sri Lanka 1994

Original
BRMSQ10

YL2009-4

LB

SPH 34675

MSI-7

Vienna 2001

NY99-6480

17D

Ivory Coast 87

BPH2015

G106R/L107D

G106R/L107K (30)

G106D/L107R (30)

G106E/L107D

G106K/L107D (66)

G106D

G106D/L107R

G106K/L107D (38)

G106K/L107D

G106R/L107H (36)

G106R/L107D

G106K/L107D (30)

aConstructs were composed of a chimeric gene cassette with 80% native E gene/20% JEV E gene.

RESULTS

Construction of gene cassettes for optimized expression of flaviviral antigen in
HEK-293 cells. We aimed to develop stable cell lines expressing and secreting flaviviral
VLPs and NS1 antigens using prM-E or NS1 gene constructs designed with the JEV sig-
nal sequence (JEVss) previously shown to enhance secretion of VLPs (16) (Table 1).
While different plasmid vectors, including pCB, pcDNA3, and pVAX, were used
throughout the construction process, no major differences between antigen expres-
sion and plasmid vector were observed. Sequences from current circulating viral strains
were incorporated into the gene cassettes, otherwise, prototype viral strains were used
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TABLE 2 ELISA and IFA results from a 4-day transient expression in HEK-293 cells with three
different ILHV NS1 constructs

Reciprocal ELISA

Construct endpoint titer (log,;) IFAresult® Viral signal sequence

ILHV NS1 ND® 2% JEVss (MGKRSASAGSIMWLASLAVVIAGTSA)
ILHV2.6NST 1.9 60% ILHVss (MLSVGGILLFLAVNVHA)
ILHV3.8NS1 2.5 80% ILHVss (MGKMLSVGGILLFLAVNVHA)

9Relative percentage of positive cells
®ND, not detected.

for gene cassette construction (Table 1). The CRR-VLP constructs previously developed
in COS-1 cells (DENV, WNV, SLEV, and JEV) were used to identify mutations in the
fusion loop of the E protein (G106E/L107D, G106D/L107R, G106R/L107K, G106K/L107D,
and G106R/L107H) that resulted in reduced binding of flavivirus group cross-reactive
monoclonal antibodies 6B6C-1 and 4G2 (13, 35-38). Final mutations in the constructs
were chosen based on highest immunofluorescence assay (IFA) expression, cell viabil-
ity, and normal morphology and ELISA secretion after transient expression (Table 1). To
increase antigen expression of some WT-VLPs and CRR-VLPs, we replaced the carboxy-
terminal 20% of native virus E protein with the corresponding portion from JEV given
that substitution with the JEV carboxy terminus was previously found to aid in secretion
of DENV VLP constructs (Table 1) (39, 40).

Originally, the ILHV NS1 construct using the strain BrMS-MQ10 (NCBI accession number
KC481679) (41) was designed with the JEVss preceding the NS1 gene similar to the other
NS1 constructs; however, no secretion was observed during transient expression in HEK-
293 cells. To increase efficiency of antigen secretion, two additional ILHV NS1 constructs
were made with different signal peptides. ILHV 2.6 NS1 and ILHV 3.8 NS1 constructs, both
of which used an internal ILHV signal sequence (ILHVss) located in the carboxy terminus of
the envelope protein (17 amino acids of the carboxy terminus of E), were found to be
more efficient with a signal peptide cleavage probability (Sec/SPI) of 0.94, while the JEVss
had a Sec/SPI of 0.85, as calculated in SignalP-5.0 (42). Additionally, the ILHV 3.8 NS1 con-
struct also included the amino acids glycine (G) and lysine (K) after the start codon of the
ILHVss to increase the cleavage potential by the signal peptidase and subsequent antigen
expression, which increased the signal peptide cleavage probability to 0.95 (43). Table 2
describes the antigen expression of these constructs from a 4-day transient expression.
Only ILHV 2.6 NS1 and ILHV 3.8 NS1 had detectable antigen secretion by ELISA with recip-
rocal endpoint titers (EPT) of 1.9 and 2.5 log,,, respectively. While all constructs showed
expression by IFA, only ILHV 2.6 NS1 and ILHV 3.8 NS1 had a relative percentage of positive
NS1-expressing cells above 50% compared to the original ILHV NS1 construct, with 2% rel-
ative percent-positive NS1-expressing cells. Subsequently, the ILHV 3.8 NS1 construct was
used for stable cell line development.

Development and evaluation of stable HEK-293 cell lines expressing flaviviral
antigen. HEK-293 cells were transfected with selected plasmid constructs by electro-
poration, and cells were cloned in semisolid medium (3% carboxymethyl cellulose
[CMC] mixed with HEK-293 growth medium) to isolate individual colonies. Throughout
this period, clones were monitored for antigen production, and those with the highest
antigen expression and secretion, as determined by ELISA, IFA, and cell viability, were
retained. Clones were also selected based on normal cell morphology compared to
normal HEK-293 cells. Cell lines with abnormal growth characteristics or morphology
were abandoned. Clones with noticeable decreases in ELISA EPT or IFA expression
were abandoned. We found that antigen secretion as measured by ELISA EPT and cell
viability was better in a 1:1 mixture of two commercially available media, Expi-293 and
Excell-293. The workflow for production and selection of stable cell lines producing
recombinant flaviviral antigen is outlined in Fig. 1.

Thirty-five of 39 cell lines exhibited statistically stable EPTs by ELISA over 10 passages
(Fig. 2). Cell lines DENV1 WT-VLP, DENV2 CRR-VLP, and YFV 17D WT-VLP exhibited statis-
tically significant increasing antigen production over 10 passages with calculated slopes
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FIG 1 Workflow for production and selection of stable cell lines in the absence of selective pressure.

of 0.09, 0.33, and 0.25, respectively (P < 0.05; Fig. 2 and 3 and Table 3). DENV3 NS1 was
the only cell line that exhibited statistically significant decreasing antigen production
over 10 passages with a calculated slope of —0.27 (P < 0.05; Fig. 2 and 3 and Table 3).
Cell lines with the highest mean EPT for each antigen type (WT-VLP, CRR-VLP, and NS1)
were USUV WT-VLP, DENV3 CRR-VLP, and DENV4 NS1 (log, [dilution] EPT of 11.83, 14.45,
and 15.17, respectively; Fig. 2 and 3 and Table 4). Cell lines with the lowest mean EPT for
each antigen type (WT-VLP, CRR-VLP, and NS1) were POW WT-VLP, POW CRR-VLP, and
DENV3 NS1 (log, [dilution] EPT of 1.17, 1.03, and 8.50, respectively; Fig. 2 and 3 and
Table 4). NS1 cell lines produced more antigen than both the WT-VLP and CRR-VLP cell
lines (9/13 cell lines), with consistently high amounts of antigen as seen by EPTs ranging
from 8.5 to 15.17 (Fig. 2 and 3 and Table 4). Production of VLP antigen varied more
widely among WT-VLP (range of EPTs of 1.17 to 11.83) and CRR-VLP cell lines (range of
EPTs of 1.03 to 14.45). EPTs could not be calculated for ILHV WT-VLP, ROCV WT-VLP, and
ROCV CRR-VLP due to the level of antigen being below the positive/negative (P/N) cutoff
of 2.0. In a few cell lines (USUV WT-VLP, YF17D CRR-VLP, and DENV4 NS1), EPT could not
be calculated for specific passages where the antigen was not titrated far enough to fall
below the P/N cutoff of 2.0 (Fig. 2).

Comparison of flaviviral antigen produced in HEK-293 and COS-1 cell lines. To
determine whether stable HEK-293 cell lines produced more recombinant antigen over
several passages than previously derived COS-1 cell lines, nine antigen constructs,
three each of WT-VLP, CRR-VLP, and NS1, were grown for 10 passages. Antigen expres-
sion and secretion were evaluated by ELISA, IFA, and flow cytometry (Fig. 4). Cell viabil-
ity measured over 10 passages remained the same for both HEK-293 and COS-1 cells.
All HEK-293 cell lines produced significantly higher quantities of recombinant flaviviral
antigen (range of EPT of 5.23 to 14.45) than their COS-1 cell line counterparts (range of
EPT of 1.33 to 6.50). The highest antigen-producing HEK-293 cell line was WNV NS1
(mean EPT of 14.25), and the highest producing COS-1 cell line was WNV CRR-VLP
(mean EPT of 6.50). The lowest antigen-producing cell lines for both HEK-293 and COS-
1 were DENV2 WT-VLP, with mean EPTs of 5.23 and 1.33, respectively. EPTs could not
be calculated for some of the COS-1 cell lines, including DENV1 NS1, YFV WT-VLP, ZIKV
NS1, and WNV NS1, given that recombinant antigen production was below the P/N
cutoff of 2.0 while antigen was detectable for all HEK-293 cell lines in this comparison
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FIG 2 Predicted mean EPT curves over 10 passages for stable HEK-293 cell lines. Predicted mean values of EPTs (black line) from each cell line were plotted as
log (P/N) versus log, (dilution) with confidence bands shown as dashed black lines. P/N represents the ratio of the OD of positive antigen over the ratio of
negative antigen tested in duplicate by ELISA. The reference line in blue for determining the EPT is shown at log,. The estimated EPT (95% Cl) is indicated
with vertical red lines with confidence bands shown as dashed red lines.

experiment (Fig. 4 and Table 5). Similarly, HEK-293 cell lines were shown to have an
increased relative percentage of positive intracellular expression of recombinant anti-
gen at the 1st and 10th passages compared to COS-1 cell lines as measured by IFA
(Fig. 5). Flow cytometry was used to quantitatively evaluate intracellular antigen
expression over 10 passages for each cell line. Median percentages of positively
expressing cells over 10 passages were compared for each recombinant antigen con-
struct expressed in HEK-293 or COS-1 cell lines (Fig. 6). Intracellular antigen expression
was significantly higher for the HEK-293 cell lines than for COS-1 cell lines for all cell
lines evaluated, of which YFV 17D WT-VLP, WNV CRR-VLP, and WNV NS1 had median
percent recombinant antigen expression above 95%. No COS-1 cell line had a median
percent recombinant antigen expression above 25%. Taken together, these results
demonstrate the sustained production of recombinant antigen in stable HEK-293 cells
over several passages in culture as measured by ELISA, IFA, and flow cytometry and
improvement of antigen production over the first generation of COS-1 cell lines.

DISCUSSION
This study reports on the development of a panel of cell lines stably expressing
recombinant WT-VLP, CRR-VLP, and NS1 antigens for 13 medically important or potentially
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FIG 3 EPT against passage by cell line. Statistically significant trends (P < 0.05) are shown for the LAD regression test, with the fit drawn as a red line.
Statistically nonsignificant LAD regression fits are shown as their corresponding regression lines in gray.

emerging flaviviruses. Four of 39 cell lines exhibited statistically increasing or decreasing
trends of expression over 10 passages, with the remaining 35 cell lines exhibiting stable
expression. Only one cell line (DENV3 NS1) was statistically shown to have decreasing anti-
gen production over 10 passages, while three cell lines (DENV1 WT-VLP, DENV2 CRR-VLP,
and YF 17D WT-VLP) exhibited increased antigen production over 10 passages. For DENV1
WT-VLP, the slope of the plotted EPTs during 10 passages was lower (0.09) than the slopes
of increasing EPTs for YF 17D WT-VLP and DENV2 CRR-VLP (0.33 and 0.25, respectively),
which had increased antigen production throughout cell passaging. Conversely, the slope
of the plotted EPTs of DENV3 NS1 during 10 passages was —0.27. This cell line had a rela-
tively stable EPT from passages 1 to 6 before declining during passages 7 to 10. For the

TABLE 3 Estimated individual passage EPTs for cell lines with statistically significant LAD slopes

Passage 95% CI*
Cell line 1 2 3 4 5 6 7 8 9 10 Slope Lower Upper P value®
DENV1 WT-VLP 7.35 7.35 7.65 7.80 7.65 8.26 8.11 7.80 8.11 7.80 0.09 0.00 0.13 0.02
DENV2 CRR-VLP 110 1.80 1.59 2.58 3.08 2.23 3.22 2.37 2.16 4.07 0.33 —0.05 0.33 0.01
YFV 17D WT-VLP  9.62 10.08 10.53 10.98 10.53 10.68 12.50 11.59 11.29 1250 0.25 0.14 0.31 0.03
DENV3 NS1 850 850 9.1 8.95 8.65 9.1 8.50 7.74 7.29 6.38 —0.27 —0.36 0.01 0.02

995% confidence intervals (lower and upper limits).

bp value for the test of slope = 0.
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TABLE 4 Mean endpoint titers (95% Cls) by cell line over 10 passages

95% CI®

Cell line EPT? Lower Upper
DENV1 WT-VLP 7.80 7.50 8.11
DENV1 CRR-VLP 9.77 9.32 10.53
DENV1 NS1 10.02 9.71 10.32
DENV2 WT-VLP 6.83 6.06 7.94
DENV2 CRR-VLP 2.44 1.94 3.01
DENV2 NS1 10.62 9.86 11.68
DENV3 WT-VLP 9.16 8.24 9.86
DENV3 CRR-VLP 14.45 12.64 15.36
DENV3 NS1 8.50 7.89 8.95
DENV4 WT-VLP 5.61 5.00 6.11
DENV4 CRR-VLP 2.58 2.23 3.15
DENV4 NS1 15.17 13.80 ND¢
ILHV WT-VLP ND¢ ND¢ 0.46
ILHV NS1 10.99 10.64 11.35
JEV WT-VLP 9.76 9.03 10.36
JEV CRR-VLP 10.08 9.62 10.68
JEV NS1 11.38 11.08 11.83
POWV WT-VLP 117 0.74 1.59
POWV CRR-VLP 1.03 0.39 1.94
POWV NS1 9.07 8.74 9.32
ROCV WT-VLP ND¢ ND¢ ND¢
ROCV CRR-VLP ND¢ ND¢ ND¢
ROCV NS1 9.62 9.32 9.92
SLEV WT-VLP 3.11 2.50 3.86
SLEV CRR-VLP 8.71 8.11 9.17
SLEV NS1 11.83 11.38 12.29
USUV WT-VLP 11.83 11.17 ND¢
USUV CRR-VLP 11.00 10.40 11.49
USUV NS1 12.69 12.05 13.18
WNV WT-VLP 8.50 8.17 9.06
WNV CRR-VLP 8.26 7.65 9.02
WNV NS1 12.86 12.36 13.70
YFV 17D WT-VLP 10.98 10.53 11.59
YFVIC WT-VLP 7.95 7.80 8.26
YFV 17D CRR-VLP 11.04 10.55 ND<
YFV 17D NS1 10.32 10.02 10.77
ZIKV WT-VLP 6.83 572 8.06
ZIKV CRR-VLP 4.21 3.92 4.49
ZIKV NS1 10.83 10.68 11.14

9EPT recorded as log, (dilution).
£95% confidence interval (upper and lower).
°ND, not determined.

ILHV WT-VLP, ROCV WT-VLP, and ROCV CRR-VLP cell lines, EPTs could not be calculated.
However, in the case of ILHV and ROCV, we observed IFA expression throughout cell line
development. Several reasons for this may exist. First, VLPs may have been trapped in the
cell or the ELISA was suboptimal for detecting the VLPs. Second, the JEVss may have not
been the ideal signal sequence to use in this situation, as was the case with ILHV NS1.
Studies are ongoing to determine the reason for the low expression in these cell lines.
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FIG 4 Comparison of antigen production from constitutively expressing flaviviral antigen COS-1 and HEK-293 cell lines. EPTs from antigen produced in
COS-1 (blue) or HEK-293 (red) cell lines measured by ELISA were plotted as log, (P/N) versus log, (dilution), with confidence bands shown as dashed lines.

P/N represents the ratio of the OD of positive antigen over the ratio of negative antigen tested in duplicate. The reference line shown in gray represents
the P/N of 2 used to determine EPTs for each cell line.

Ninety percent of the cell lines developed in this project exhibited stable antigen
expression over 10 passages. A few theories may point to the reason why we observed
the changes in EPT in four cell lines. First, the cell lines with unstable EPTs may have
been composed of producing and nonproducing cells, a phenomenon commonly seen

TABLE 5 Comparison of mean EPTs over 10 passages for selected COS-1 and HEK-293 cell
lines constitutively expressing flaviviral recombinant antigen

EPT (95% CI)®

Antigen? COS-1 HEK-293

DENV2 WT-VLP 1.33(1.15t0 1.53) 5.23(5.01 to 5.43)

JEV WT-VLP 3.38(2.97t03.77) 10.33 (10.02 to 10.66)
YFV WT-VLP ND¢ 7.08 (6.76 to 7.37)
DENV3 CRR-VLP 3.86 (3.23 to 5.06) 11.10(10.85 to 11.40)
WNV CRR-VLP 6.50 (5.93 to 6.80) 8.19(7.70 to 8.67)

JEV CRR-VLP 3.36 (2.50 to 4.14) 6.42 (5.85 t0 6.93)
DENV1 NS1 ND¢ 9.34 (8.06 to 10.06)
WNV NS1 ND¢ 14.25 (13.44 to >14.65)
ZIKV NS1 ND< 11.07 (9.49 to >14.65)

aRecombinant antigen from constitutively expressed cells.
PEPTs and 95% Cls of antigen produced in COS-1 or HEK-293 cell lines and measured by ELISA.
°ND, not determined. EPT < 1.0 log, (dilution).
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FIG 5 Intracellular expression of recombinant antigen from three representative HEK-293 and COS-1 VLP and NS1 constitutively expressing
cell lines. Cells expressing recombinant antigen were harvested at the 1st and 10th passage, fixed, and stained with mouse hyperimmune

ascitic fluid (MHIAF) and goat anti-mouse antibody conjugated to FITC. Nuclei of cells were stained with DAPI.

in hybridomas, which may arise due to changes in transcriptional capacity, mutations,
loss of the gene of interest, or a combination of these factors (44). While the nonpro-
ducing cells may have a growth advantage over the producing cells, they may not take
over the entire population and can result in the diminished but not entire loss of
recombinant antigen production (44-48). Second, cells within the population could
lose copies of the recombinant gene, which may result in an overall decrease in
recombinant antigen production (44, 49-51). Multiple copies of the expression vector
may be introduced to the cell at the time of electroporation, and many of those copies
may be maintained episomally or may randomly integrate into the host cell genome
(44). If the gene of interest is integrated into the host cell genome, then this integra-
tion location may also play a role in the stability of recombinant antigen production
(44, 52, 53). In cases where the integrated gene is in an advantageous location, we may
see high recombinant antigen production, and in a disadvantageous location, we may
see low recombinant antigen production (52, 53). Gene rearrangement or gene silenc-
ing could occur at any time the cell line is in culture, including during the 10-passage
stability study, which may explain the increase or decrease in antigen production if the
gene of interest were integrated in unstable locations in the cell genome (44).

The first iteration of stable cell lines developed in our lab for antigen production
were in COS-1 cells. When HEK-293 and COS-1 cell lines using the same gene construct
were compared, we found that all HEK-293 cell lines had higher antigen secretion than
COS-1 cell lines. HEK-293 cell lines had higher percent viability as measured over 10
passages than COS-1 cells and grew at a higher density. For both HEK-293 and COS-1
cell lines, we noted no significant difference in cell viability or cell growth between
antigen-expressing cells and normal cells. In the selection process for HEK-293 cell
lines, we actively chose clones with growth characteristics similar to the normal HEK-
293 cells (cell viability, morphology, and cell growth rate). Flow cytometry was intro-
duced after all HEK-293 cell lines had been developed and was only used to evaluate
the differences in recombinant antigen expression between COS-1 and HEK-293 cell
lines. COS-1 cell lines were not developed using high recombinant protein expression
measured by IFA as a primary selection criterion, which was included in the develop-
ment of HEK-293 cell lines. This may explain the differences in flow cytometry median
percentages of antigen-expressing cells and IFA expression between COS-1 and HEK-
293 cell lines. Most HEK-293 cell lines expressed high levels of cell-associated recombi-
nant antigen, as measured by flow cytometry, except DENV1 NS1, which showed 38%
median percent recombinant antigen-positive cells. Conversely, all COS-1 cell lines
expressed low levels of cell-associated recombinant antigen (=24% positive cells).
While we were constrained with the available COS-1 constructs to compare, the HEK-
293 cell lines are an improvement over the first-generation COS-1 cell lines previously
developed because of their stable constitutive expression of antigen.
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FIG 6 Recombinant antigen expression in HEK-293 and COS-1 cells was measured by flow cytometry over 10 passages. Significance in
antigen expression between HEK-293 and COS-1 cell lines was measured by a two-tailed Mann-Whitney U test; ****, P < 0.0001. The median
percent recombinant antigen expression (line and percentage) with 95% confidence interval is depicted for each cell line.

During cell line development, modifications of certain gene constructs were made
to facilitate selection of the most efficient antigen-producing clones. We found that
replacing 20% of the C terminus of the native viral envelope protein with the corre-
sponding JEV envelope portion for several of the constructs enhanced expression and
secretion of antigen in the newly developed HEK-293 cell lines (39, 40). Additionally,
from previous work, we found that using the JEVss in recombinant constructs was an
important factor in recombinant protein processing, cleavage, and secretion from
transfected cells (16, 39, 40, 54). Thus, the JEVss was used in all constructs except ILHV
NS1. In this case, we found that the native ILHV signal sequence had a more efficient
signal peptide cleavage probability (Sec/SPI) than the cleavage probability of JEVss
(42). Signal sequences may be influenced by the positively charged amino acids
located in the N terminus of the peptide. Therefore, the addition of glycine (G) (neutral
charge) and lysine (K) (positive charge) after the ILHV start codon was incorporated in
the construct ILHV 3.8 NS1, which increased the signal peptide cleavage probability,
resulted in higher ELISA EPT and IFA relative percent positivity.

To develop VLP antigens with low flavivirus group cross-reactivity for use in future se-
rology assays aimed at flaviviral differential diagnosis, we incorporated mutations in the
fusion peptide that were previously shown to ablate reactivity with flavivirus group cross-
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reactive monoclonal antibodies (MAbs) (30, 35-38, 55, 56). Seminal work by Crill and
Chang (2004) identified three amino acid residues in the fusion peptide (G104, G106, and
L107) that are highly conserved among flaviviruses. Mutations at G106/L107 ablated reac-
tivity with flavivirus group-reactive MAbs 4G2 and 6B6C-1 without loss of VLP secretion
and production. However, mutations at G104, which lies in close proximity to the prM/M
on the VLP, resulted in loss of particle secretion, which may have resulted in disruption of
the prM/E interactions necessary for intracellular transport and secretion (35). Several of
the G106 and L107 mutations in the flaviviral VLP have previously been incorporated in
COS-1 cell line-produced antigen to improve differential diagnosis of SLEV/WNV and
DENV/ZIKV infections by IgM antibody capture (MAC)-ELISA with promising results (30, 37,
56). Incorporation of these new HEK-293 CRR-VLPs together with NS1 antigens in serodiag-
nostic assays, such as MAC-ELISA and MIA, has the potential to enhance flaviviral differen-
tial diagnosis based on antibody reactivities from past and present infections.

Several modifications to the COS-1 cell line algorithm were made for the develop-
ment of HEK-293 cell lines, which allowed for a more efficient and streamlined process.
First, previously developed COS-1 cell lines were cloned by limiting dilution, which
inherently results in a lower probability of obtaining the optimal clone as seeding cells
and maintaining cultures at low density can be challenging (13, 15, 28, 29, 40).
Conversely, HEK-293 cell lines were cloned in semisolid medium, which results in a
much higher probability of clonality in the cell line once picked from the medium and
better growth conditions for the cells. Coupled with automation of clone picking from
the semisolid medium to 96-well plates, the clonal selection process for HEK-293 cell
lines aided our ability to screen more clones.

Second, COS-1 cell lines were selected and grown under the constant presence of
geneticin (G418) antibiotic throughout culture. While constitutively antigen-expressing
COS-1 cells should be resistant to toxicity of G418 when expressing the G418 resistance
gene within the plasmid, constant exposure to the antibiotic coupled with cells in cul-
ture for several months led to increased cell death with subsequent decreased
recombinant protein production (13, 15, 28, 29, 40). HEK-293 cell lines were grown
under no selective pressure, which provided a growth advantage throughout the
selection process and subsequent passaging. Because antibiotics were not used for
selection, between 800 and 2,400 clones from each cell line were screened to select
clones with high reactivity in ELISA and IFA. Preliminary next-generation sequencing
data suggest that for the HEK-293 cell lines sequenced, random integration of the
expression plasmid and viral genes occurred in at least one chromosome of the host
cell. Sequence analysis to determine plasmid integration loci is ongoing.

HEK-293 cell lines were selected based on antigen production by ELISA and cell-
associated antigen expression by IFA, while COS-1 cell lines were only selected based
on ELISA. We believe this aided our selection of final stable clones for the HEK-293 cell
lines because we could observe changes in intracellular antigen expression by IFA
coupled with ELISA EPT data to determine stability of clones. HEK-293 cells in our lab
were found to grow exceptionally well, with a 4-day growth period resulting, on average,
between 3- and 6-fold increases in cell density. The higher biomass that is achievable
with suspension-grown cells results in more antigen production than that observed in
adherent COS-1 cells that are inefficient in their requirement of high surface-to-volume
ratio growth conditions (57). Last, HEK-293 cells are grown in serum-free, chemically
defined medium, while COS-1 cells are grown in Dulbecco’s modified Eagle medium
(DMEM), with components such as fetal bovine serum (FBS) and additional supplements
added prior to use. The HEK-293 cell culture medium has been specifically developed for
this cell type, and we further optimized this medium for antigen secretion by using a 1:1
mixture of two commercially available HEK-293 media, which we found to increase
recombinant antigen secretion, as seen in ELISA. The medium used for HEK-293 cells is
serum free and chemically defined, and there were fewer lot to lot variations in medium
as is seen with FBS-containing medium used for COS-1 cells. HEK-293 cells are NIH certi-
fied for use in biologics, which may allow for future use in vaccine development.
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The HEK-293 cell lines constitutively expressing WT-VLPs, CRR-VLPs, and NS1 anti-
gens for 13 medically important flaviviruses described herein provide a reproducible,
safe, and superior source of antigen over traditional reagents and first-generation COS-
1 recombinant cell lines. Like their predecessors, these cell lines, which include an
expanded virus catalog of potentially emerging flaviviruses, will improve serodiagnos-
tics with their ability to rapidly produce large quantities of antigen quickly and without
the need for biocontainment. Additionally, the inclusion of WT-VLPs, CRR-VLPs, and
NS1 for each flavivirus may facilitate future serodiagnostic algorithms for differential di-
agnosis of closely related flaviviruses. Future applications of this protocol include
expansion to other high containment viruses, beginning with alphaviruses such as
eastern equine encephalitis virus, western equine encephalitis virus, Venezuelan
equine encephalitis virus, chikungunya virus, and Mayaro virus.

MATERIALS AND METHODS

Cell lines. Human embryonic kidney-293 cells (HEK-293; HEK-293.2sus CRL-1573.3, ATCC, VA, USA)
were grown in a 1:1 mixture of Expi-293 medium (Thermo Fisher, MA, USA) and Ex-Cell medium
(MilliporeSigma, MA, USA) with 1% (vol/vol) penicillin-streptomycin (Thermo Fisher, MA, USA). Cells were
incubated at 37°C with 5% CO, in suspension with constant mixing at 130 rpm on orbital shaking plat-
forms (Thermo Fisher, MA, USA). Seeding density for cells in culture were between 8 x 10° and 2 x 10°
cells per mL (c/mL), and cells were subcultured every 3 to 4 days. Previously developed COS-1 cell lines
expressing flaviviral antigen were cultured as previously described for comparison of antigen expression
and production to stable HEK-293 cell lines (15, 16).

Viruses and antibodies. Stocks of flaviviruses, monoclonal antibodies (MAbs), virus-specific rabbit
immune sera (RIS), and virus-specific mouse hyperimmune ascitic fluids (MHIAFs) were obtained from
the Arbovirus Reference and Reagent Collection, Arbovirus Diagnostic Laboratory, Arbovirus Diseases
Branch, Division of Vector-Borne Diseases, Centers for Disease Control and Prevention (Table S1 in the
supplemental material). MAbs 6B6C-1 and 4G2, previously shown to be flavivirus group cross-reactive,
were used to confirm lack of reactivity with CRR-VLP recombinant antigen in immunoassays (data not
shown) (35, 58). MAbs 17BD3-2, 3.91D, D6-8A1-12, and Flo221 (a kind gift from Li-Kung Chen, College of
Medicine, Tzu Chi University, Hualien, Taiwan) were purified as previously described and used in flow
cytometry and IFA experiments (59-61).

Expression vectors. Expression vectors (pVAX, pcDNA3, pCB, and pENTR) were constructed with a
Kozak consensus sequence (—9-GCCGCCGCCatgG-+4) and the modified JEVss preceding the expression
cassette (Table 1) (16). Restriction sites Afe1 and Notl for prM-100%E or Afe1 and Stul for prM-80% native
E gene/20% JEV E gene (New England Biolabs, MA, USA) were used to insert the gene of interest into
the expression vector.

Gene cassette composition and synthesis. Flavivirus VLPs composed of the structural genes prM
and E and NS1 constructs were developed as previously described (15, 28). WT-VLP constructs possessed
intact genetic sequence, while CRR-VLP constructs contained two mutations at amino acid residues 106
and 107 in the fusion peptide of the E protein (35). CRR-VLP constructs were made using site-directed
mutagenesis as previously described (35). While half of the VLP gene cassettes contained 100% of their
native E gene, the other half contained only 80% of their native E gene, and 20% of JEV carboxy-terminal
E (Table 1) (39). Expression vectors containing the gene cassettes were produced in Escherichia coli (NEB
Express high-efficiency E. coli number C2523H; NEB, MA, USA) using manufacturer’s growth conditions,
plasmid DNA extraction, and sequence confirmation protocols as previously described (16).

Transfection of HEK-293 cells. HEK-293 cells were electroporated with expression vectors containing
the gene cassettes as previously described with the following modifications (16). Plasmid DNA (30 ug per reac-
tion) was added to 0.5 mL of cells (cell density equal to 1 to 2.0 x 107 cells/mL) and placed into a cuvette with
a 4-mm gap (Bio-Rad, CA, USA). A Genepulser Xcell (Bio-Rad, CA, USA) was used with the following settings:
voltage of 250 V, capacitance of 975 wF, and resistance of oo (infinity). Electroporated cells were recovered in
medium and seeded at a final density of 2.5 x 10°to 5 x 10° ¢/mL and grown overnight at 37°C with 5% CO,.
For transient expression, transfected cells were grown for 1 to 4 days without changing the medium. After
transient expression was complete, supernatant was collected by centrifugation, and cells were discarded.

Immunofluorescence. Immunofluorescence assays (IFAs) were used to evaluate expression of cell-
associated antigen as previously described with some modifications (16). Briefly, cells were harvested,
dried onto 12-well or 15-well glass slides (MP Biomedicals, CA, USA), and fixed with cold 3:1 (vol/vol) ace-
tone-phosphate-buffered saline (PBS; stored at —20°C) for 10 min. Cells were stained with virus-specific
MHIAF (1:200, diluted in PBS) for 30 min before being washed with PBS and then stained with goat
anti-mouse fluorescein isothiocyanate (FITC)-conjugated antibody (1:100, diluted in PBS; Jackson
Immunoresearch, PA, USA). Slides were washed and mounted with Prolong Diamond Antifade Mountant
with 4',6-diamidino-2-phylindole (DAPI; Thermo Fisher, MA, USA) with a coverslip and incubated for 24 h
at room temperature before being examined on an epifluorescence microscope (Zeiss, Germany).

Flow cytometry. Cells were grown under standard culture conditions prior to fixation. Following the
manufacturer’s protocol, 1 x 107 cells were fixed using 4% paraformaldehyde for 20 min at 4°C followed
by two washes in sterile, cold 1x PBS (BD Biosciences, CA, USA). Cells were frozen in 90% FBS/10% di-
methyl sulfoxide (DMSO) and stored at —80°C before proceeding. Once cells were thawed, they were
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washed twice with magnetically activated cell sorting (MACS) buffer (Miltenyi Biotec, Germany) to
remove DMSO and permeabilized with BD PermWash (BD Biosciences, CA, USA) according to the manu-
facturer’s protocol. After permeabilization, cells were blocked with 1% bovine serum albumin (BSA;
Millipore, IL, USA) in PBS for 30 min at 4°C with agitation. MAbs (10 wg/mL) were diluted in blocking
buffer and incubated at 4°C for 30 min with agitation. R-Phycoerythrin AffiniPure goat anti-mouse IgG
(H+L; Jackson ImmunoResearch, PA, USA) was diluted in blocking buffer and incubated with cells for 30
min at 4°C with agitation. Cells were resuspended in 200 uL of MACS buffer prior to reading on a BD
Accuri C6 flow cytometer (BD Biosciences, NJ, USA). Data analysis was performed in FlowJo (version 10,
BD Biosciences, NJ, USA). Significance in antigen expression between HEK-293 and COS-1 cell lines was
measured by a two-tailed Mann-Whitney U test in GraphPad Prism 6.0.

Antigen capture ELISA. Antigen capture ELISA was performed as previously described with some
modifications (15, 16). Rabbit immune sera raised against the homologous virus was used as capture
antibody. Immulon I plates (VWR, PA, USA) were coated in carbonate-bicarbonate buffer (50 mM so-
dium carbonate, 50 mM sodium bicarbonate, pH 9.6; Thermo Fisher, MA, USA) and incubated overnight
at 4°C. Nonspecific binding sites were blocked with StartingBlock (200 wL/well; Thermo Fisher, MA, USA)
before cell culture supernatant was added to the plates (50 uL/well) and incubated for 2 h at 37°C, after
which plates were washed five times with PBS/0.1% Tween wash buffer with an automatic plate washer.
Virus-specific MHIAF diluted in PBS was mixed with 5% nonfat dry milk (Thermo Fisher, MA, USA) in PBS
(50 uL/well) and was incubated on the plate for 1 h at 37°C. Plates were washed again, and peroxidase-
conjugated goat anti-mouse antibody (Jackson ImmunoResearch, PA, USA) diluted 1:8,000 in 5% nonfat
milk/PBS (50 uL/well) was incubated at 37°C for 1 h. After a final wash, 3,3',5,5'-tetramethylbenzidine
(TMB) substrate (KPL, MA, USA) was added (100 wL/well) and incubated for 10 min at room temperature.
The reaction was stopped with 2 N H,SO, (50 uL/well; VWR, PA, USA), and optical density (OD) was
measured as a ratio of 450/630 nm.

Indirect ELISA. NS1 antigen from cell culture supernatant was coated directly to the Immulon II
plate in doubling dilutions starting with 1:2 in carbonate-bicarbonate buffer, and plates were incubated
at 4°C overnight. The rest of the procedure was performed as described above.

Stable cell line development. After antigen expression was confirmed by IFA (=20%) the day after
electroporation, cells were seeded at a density of 2 x 10° to 2 x 10° ¢/mL in 3% CMC (medium viscosity;
Millipore Sigma, MA, USA) resuspended with HEK-293 cell culture medium, and cells were cultured for 7
to 14 days at 37°C with 5% CO,. Colonies were identified and selected using the ClonePix2 automated
mammalian colony picker (Molecular Devices, CA, USA) according to the manufacturer’s instructions.
Cells were picked by the ClonePix2 from the CMC and placed in a 96-well plate prefilled with 150 uL of
cell culture medium (Corning, NY, USA). Cloned cells were grown in 96-well plates to 50 to 100% conflu-
ency (approximately 7 to 14 days) before being screened by ELISA and IFA. Up to 50 clones were passed
into 24-well plates and selected thereafter (Fig. 1).

Statistical analysis. To determine whether the constitutively expressing cell lines produced antigen
consistently over several passages, cell lines were passaged 10 times, and cell culture supernatants from
each passage were evaluated by ELISA. To determine any potential systematic change in antigen produc-
tion over the passages, we first calculated the estimated endpoint titer (EPT) based on each passage within
each cell line. The EPT was defined as the lowest dilution that results in a positive/negative (P/N) ratio of 2.
Positive/negative ratios were determined by taking the average OD of supernatant from the test antigen
divided by the average OD of the supernatant from normal HEK-293 cells. In the case that the observed
data points for a single passage did not measure below a P/N of 2, the EPT was not estimated. Fig. 2 shows
the individual predicted mean curves (95% pointwise confidence intervals [Cls]) for each passage and cell
line (62). The EPTs estimated using the mean curves (95% Cls) shown in Fig. 2 are listed in Table 4. Next,
the EPTs of each passage within each cell line were subsequently analyzed using least absolute deviation
(LAD) regression to evaluate the slope of the regression line of EPT against passage sequence number.

Semiparametric, penalized regression was used to model log (P/N) as a smooth function of log, (dilu-
tion), where different passage curves were considered random observations about a theoretical mean
curve (63). Individual and mean curves and corresponding 95% confidence intervals were estimated
using the code and methods of Heckman et al. (2013) (62). EPTs (95% Cls) were estimated from these fit-
ted curves as the point at which they crossed log (2). Once computed, the EPTs were modeled as a linear
function of passage sequence number, with the linear model parameter intercept and slope estimated
using LAD regression. To evaluate linear trend in EPT by passage, we tested the hypothesis that the
slope was 0 using the standard analysis of variance (ANOVA) test for ordinary least squares (OLS) regres-
sion and the Wald test, following the recommendation in Bassett and Koenker (64). Analyses were per-
formed in the R software package (65).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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