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ABSTRACT

Vaccine manufacturing costs prevent a significant portion of the world’s population from accessing protection from vaccine-
preventable diseases. To enhance vaccine production at reduced costs, a genome-wide RNA interference (RNAi) screen was per-
formed to identify gene knockdown events that enhanced poliovirus replication. Primary screen hits were validated in a Vero
vaccine manufacturing cell line using attenuated and wild-type poliovirus strains. Multiple single and dual gene silencing events
increased poliovirus titers >20-fold and >50-fold, respectively. Host gene knockdown events did not affect virus antigenicity,
and clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9-mediated knockout of the top candidates dramati-
cally improved viral vaccine strain production. Interestingly, silencing of several genes that enhanced poliovirus replication also
enhanced replication of enterovirus 71, a clinically relevant virus to which vaccines are being targeted. The discovery that host
gene modulation can markedly increase virus vaccine production dramatically alters mammalian cell-based vaccine manufac-
turing possibilities and should facilitate polio eradication using the inactivated poliovirus vaccine.

IMPORTANCE

Using a genome-wide RNAi screen, a collection of host virus resistance genes was identified that, upon silencing, increased polio-
virus and enterovirus 71 production by from 10-fold to >50-fold in a Vero vaccine manufacturing cell line. This report provides
novel insights into enterovirus-host interactions and describes an approach to developing the next generation of vaccine manu-
facturing through engineered vaccine cell lines. The results show that specific gene silencing and knockout events can enhance
viral titers of both attenuated (Sabin strain) and wild-type polioviruses, a finding that should greatly facilitate global implemen-

tation of inactivated polio vaccine as well as further reduce costs for live-attenuated oral polio vaccines. This work describes a
platform-enabling technology applicable to most vaccine-preventable diseases.

accines are important defenses in the fight against infectious

disease. Currently, a complex set of factors such as population
dynamics and bioproduction costs limit the ability to provide ad-
equate immunization coverage to many economically distressed
countries. The current efforts to eradicate poliovirus exemplify
these challenges. The oral polio vaccine (OPV), consisting of at-
tenuated Sabin strains, has reduced the total number of poliomy-
elitis cases by >99% since the late 1980s. However, live attenuated
strains carry the risk of phenotypic reversion to a neurovirulent
“vaccine-derived poliovirus” (VDPV) capable of inducing vac-
cine-associated paralytic poliomyelitis (VAPP) (1, 2). To prevent
the emergence and circulation of VDPVs during the polio eradi-
cation effort and beyond, OPV must be replaced by the inactivated
poliovirus vaccine (IPV) (3). The cost of IPV, which is approxi-
mately $3.00 per dose compared to approximately $0.20 for OPV,
is a major obstacle to its widespread application. Further, to
achieve effective protection using IPV requires multiple vaccina-
tions. Thus, a successful transition to the use of IPV requires new
technologies that will increase vaccine production at greatly re-
duced costs.

Vaccines are also needed to address other non-poliovirus-
related public health issues, including those presented by en-
terovirus 71 (EV71). Since 1997, EV71 has caused numerous
large outbreaks of hand, foot, and mouth disease (HFMD) in
the Asia-Pacific region, often accompanied by severe neuro-
logic disease (4—6). Currently, multiple EV71 vaccine clinical tri-
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als are ongoing (7), and, as in the case of poliovirus, new technol-
ogies that increase vaccine production at reduced costs are needed
to facilitate introduction of these novel vaccines.

Mammalian cell lines are used for most vaccine production
processes. For example, the Vero cell line derived from African
green monkey kidney cells is used in polio vaccine production (8).
As viruses have alimited genome, they usurp host cell functions to
produce progeny virus. Given this, studies that identify host genes
that facilitate and restrict virus replication can be used to create a
new generation of stable, high-performance vaccine manufactur-
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ing cell lines. Such platform-enabling technologies would facili-
tate poliovirus eradication efforts and enhance attempts to eradi-
cate a range of other vaccine-preventable diseases.

To create enhanced poliovirus vaccine cell lines, the poliovirus
resistance genes in a Vero vaccine cell line were identified using a
genome-wide RNA interference (RNAI) screen. Validation of the
hits demonstrated that modulating expression of host genes indi-
vidually or in combination dramatically increased poliovirus rep-
lication by 10-fold to >50-fold without altering poliovirus anti-
genicity. Moreover, cell lines containing clustered regularly
interspaced short palindromic repeat (CRISPR)-Cas9-mediated
knockouts (KOs) of the validated host genes performed as well as or
better than cell lines treated with small interfering RNAs (siRNAs).
Importantly, silencing or knockout of several of these genes also en-
hanced EV71 replication. These findings show that engineering
current vaccine manufacturing platforms is a viable strategy for
addressing global vaccine needs.

MATERIALS AND METHODS

Cells and viruses. The primary RNAi screen was performed using human
epidermoid carcinoma (HEp-2C) cells (ATCC CCL-23). Primary screen
hits were validated in a Vero (African green monkey kidney) cell line
licensed for poliovirus vaccine production. Both HEp-2C and Vero cells
were cultured at 37°C and 5% CO, in Dulbecco’s modified Eagle’s me-
dium (DMEM; HyClone, GE Healthcare) supplemented with 10% fetal
bovine serum (FBS; HyClone). The same passage numbers of HEp-2C
and Vero cells were used during the screening and in validation studies to
minimize differences and aid interpretation. For both cell lines, a master
cell bank was created to ensure that all experiments were performed using
a consistent low number of cell passages.

A single lot of the attenuated Sabin type 2 (Sabin-2) vaccine (National
Institute for Biological Standards and Control [NIBSC], Health Protec-
tion Agency, Potters Bar, United Kingdom) was used for the primary
screen. Validation experiments in Vero cells were performed with NIBSC
Sabin strains of serotypes 1, 2, and 3 and with the wild-type poliovirus IPV
seed strains Mahoney (serotype 1), Brunhilde (serotype 1, used by one
manufacturer), MEF-1 (serotype 2), and Saukett (serotype 3). Validation
experiments for EV71 were performed with an EV71 sub-genogroup C2
strain isolated in Taiwan in 1998 (9).

Human siRNA library. The ON-TARGETplus small interfering RNA
(OTP-siRNA) library (GE Healthcare, Lafayette, CO) was used to target
>18,200 protein-encoding host genes in HEp-2C cells in the primary
screen. Pools of four siRNAs targeting different regions in the same gene
were used for the primary screen. To eliminate false positives, validation
of primary screen hits began by testing each of the siRNAs in the original
poolindividually (“deconvolution”) to assess whether multiple individual
siRNAs targeting the same gene gave rise to the same increase-in-titer phe-
notype. These studies were complemented with additional siRNAs targeting
the same gene but derived from a separate RNAI library (siGenome; GE
Healthcare). Targets were considered legitimate when the results could be
reproduced with two or more individual siRNAs (10). All siRNAs that led to
a cell death phenotype, i.e., cytotoxicity, were identified using a ToxiLight
bioassay (Lonza, Walkersville, MD) according to the manufacturer’s in-
structions, and these genes were excluded from further analysis. The effect
of gene silencing on cell proliferation was studied using a CellTiter 96
nonradioactive cell proliferation assay kit (Promega Inc., Fitchburg, WI),
according to the manufacturer’s instructions. Individual siRNAs correlat-
ing with the highest increase in virus antigen content were used for vali-
dation of hit genes in Vero cells. For all experiments subsequent to the
primary screen and deconvolution studies, individual siRNAs targeting
each gene were employed.

Primary siRNA screen and validation. For the genome-wide screen,
siRNAs in 96-well plate format were reverse transfected in triplicate into
HEp-2C cells at a final concentration of 50 nM using 0.3% DharmaFECT
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4 transfection reagent (GE Healthcare). Briefly, On-TARGETplus siRNAs
were mixed with DharmaFECT 4 reagent in serum-free medium (Opti-
MEM,; Invitrogen Inc., Carlsbad, CA) and incubated at room temperature
for 20 min. A nontargeting control siRNA (siNTC; GE Healthcare) and a
poliovirus type-specific siRNA targeting the poliovirus capsid-encoding
region (siPOLIO [11]) were included as controls. HEp-2C cells were sub-
sequently added (9,000 cells/well) with DMEM supplemented with 10%
FBS. Transfected cells were cultured at 37°C and 5% CO,. After 48 h, the
medium was removed and cells were infected with Sabin-2 (multiplicity of
infection [MOI] = 0.05) and 150 wl of DMEM supplemented with 2%
FCS and 1% penicillin-streptomycin. Twenty-four hours postinfection
(hpi), the plates were frozen at —80°C and stored until analysis of antigen
content by enzyme-linked immunosorbent assay (ELISA).

For validation of the gene hits identified in the primary screen, indi-
vidual siRNAs were reverse transfected into Vero cells as described above
using 7,500 cells per well. Dual gene silencing experiments were per-
formed at a final siRNA concentration of 50 nM (25 nM each siRNA)
using cells transfected with individual siRNAs at a concentration of 25 nM
as reference. Cells were infected with Sabin-1, -2, or -3 viruses, wild-type
polioviruses, or EV71 at an MOI optimized for each individual virus stock
to enable detection of significant differences in the amounts of infectious
virus produced in modified versus unmodified cells on the same 96-well
plate at 21 to 26 h postinfection. Infected cells were incubated at 37°C and
5% CO, and subsequently frozen at —80°C. In addition, cell viability was
measured for the top hits using a CellTiter 96 nonradioactive cell prolif-
eration assay kit (Promega), as described above, according to the manu-
facturer’s instructions.

Poliovirus ELISA. To screen for host genes involved in Sabin-2 virus
replication, a screen was performed using a poliovirus type 2-specific
ELISA. Briefly, 50 pl of each cell supernatant in 96-well plates was trans-
ferred to Immulon 2 HB high-binding-affinity 96-well plates (Thermo
Fisher) coated with a poliovirus type 2-specific monoclonal antibody
(HYB294-06, mouse; Pierce Antibodies, Thermo Scientific) and incu-
bated at 37°C for 60 min. The plates were washed 4X with PBST buffer
(phosphate-buffered saline with 0.25% Tween 20). Following the final
wash, the plates were incubated with an optimal concentration of polio-
virus type 2-specific monoclonal antibody (HYB294-06) conjugated to
horseradish peroxidase (HRP) and incubated at 37°C for 60 min and were
washed 1X with PBST bulffer, followed by a 15-min incubation with HRP-
substrate solution (SureBlue TMB; KPL Inc., Gaithersburg, MD). The
reaction was stopped by addition of 50 wl of TMB BlueSTOP solution
(KPL). Optical density (OD) values were read at a wavelength of 620 nm
using a plate spectrophotometer (Tecan Sapphire 2; Mannedorf, Switzer-
land). The ELISA data were normalized by subtracting background inten-
sity values from the raw data points and converted to a Z-score for scoring
positive hits as described previously (12). Hits with a Z-score of =3.0 were
subjected to further validation in HEp-2c and Vero cells.

Quantification of infectious virus by CCID, and plaque assay. Hits
from the primary screen were validated in Vero cells in part by determin-
ing the virus titers, expressed as 50% cell culture infective dose (CCID5)
values, using endpoint dilution (13). Briefly, using a 96-well format, 10-
fold serial dilutions of the virus supernatant (starting with a 10~ dilution
and diluting up to 10~°) were incubated with HEp-2C cells (7,500 cells/
well in minimal essential medium [MEM] supplemented with 2% FBS)
using 11 replicates per dilution at 37°C and 5% CO, for 5 days. The
CCIDs,, was calculated by scoring cytopathic effect (CPE) in all wells and
subjecting the findings to analysis by the Spearman-Kéarber method (13).
Titers of EV71 were determined following the same procedure (in tripli-
cate) as described above but using human rhabdomyosarcoma (RD) cells
(ATCC CCL-136). For viral plaque assays, monolayers of HEp-2C cells
(or RD cells for EV71) were cultured to >95% confluence in a 6-well plate
and incubated with 200 pl of 10-fold serial dilutions of virus supernatant
at 37°C and 5% CO, for 1 h. Cells were subsequently overlaid with 0.9%
agarose (SeaPlaque agarose; Lonza) mixed with 2X concentrated MEM
supplemented with 4% FBS (1:1 ratio). Plates were incubated at 37°C and
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5% CO, for 48 h. Plaques were visualized by removing the agarose and
staining cells with crystal violet-containing formalin. All experiments
were performed in triplicate. For quantification of infectious poliovirus
Sabin-1, Sabin-2, and Sabin-3 produced in stable KO cell lines, the paren-
tal Vero, Vero-AZNF205, Vero-AEP300, or Vero-ACNTD2 cells were
plated in 96-well cell culture plates and infected with Sabin-1, Sabin-2,
and Sabin-3. The virus-infected plates were incubated for 48 h before
harvesting for titration of virus titer using a plaque assay performed as
described above. All experiments were performed in triplicate.

RNA isolation and real-time PCR. The expression levels of host genes
were evaluated by real-time reverse transcription (RT)-PCR using prede-
signed gene-specific probes and primers (Solaris expression assay; GE
Healthcare) and an apoptotic RT? Profiler PCR array (Qiagen, German-
town, MD) according to the manufacturers’ instructions. Forty-eight
hours after siRNA transfection, total RNA was isolated from mock-in-
fected and transfected HEp-2C cells and Vero cells using an RNeasy mini-
kit (Qiagen) according to the manufacturer’s protocol. Expression levels
of high-mobility group box 1 protein (HMGBI1; a marker for necrosis)
and genes of the apoptotic pathway were studied in cells infected with
Sabin-1 poliovirus (MOI = 1.0) at 3.5 h prior to RNA isolation. In total, 1
g of RNA was converted to cDNA using a Maxima First Strand cDNA
synthesis kit (Thermo Fisher Scientific) or an RT? First Strand synthesis
kit (Qiagen) for samples to be amplified in the Solaris expression assay or
the RT? Profiler PCR array, respectively, according to the manufacturers’
protocols. Amplification was performed using an ABI 7500 thermocycler
(Life Technologies, Grand Island, NY). Threshold cycle (C;) values were
normalized against those of GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) in the same sample and used to calculate the mRNA expres-
sion levels in siRNA-transfected cells relative to those in cells transfected
with the sINTC, using the AAC; method (14).

Small-molecule inhibitors. Features linked to programmed cell death
were evaluated by determining the CCID4, titer of Sabin-1 poliovirus in
Vero cells cultured in the presence of inhibitors of the necrotic and apop-
totic pathways (necrostatin-1 and Ac-DEVD-CHO, respectively). Briefly,
in 96-well plates, Vero cells (1 X 10* cells/well) were cultured in the
presence of 125-fold serial dilutions (final concentration of 33 uM to 0.07
nM) of necrostatin-1 (Sigma-Aldrich, St. Louis, MO) or Ac-DEVD-CHO
(Biotium, Hayward, CA) with DMEM supplemented with 10% FBS at
37°Cand 5% CO, for 24 h. Cells cultured in the absence of small-molecule
inhibitors were included as a reference. After 24 h, cells were infected with
Sabin-1 poliovirus (MOI = 1.0) with DMEM supplemented with 2% FBS
and were incubated at 37°C and 5% CO, for ~26 h. Cells were frozen at
—80°C, and virus titers were determined relative to those from cells cul-
tured in the absence of inhibiting drugs by means of endpoint dilution
(CCIDs,) as described above. All experiments were performed in quadru-
plicate.

Antigen equivalency testing. Viruses from siRNA-transfected Vero
cells were tested for reactivity with a standard pool of human sera col-
lected from individuals previously exposed to poliovirus vaccine or a rab-
bit polyclonal anti-EV71 serum (kindly provided by H. Shimizu, National
Institute of Infectious Diseases, Japan). In a 96-well format, 100 CCID5,, of
virus supernatant derived from control and gene knockdown (KD) wells
was incubated with 2-fold serial dilutions of serum (1:8 to 1:1,024) with
MEM supplemented with 2% FBS at 37°C and 5% CO, for 3 h. HEp-2C
cells or RD cells (for EV71) (7,500 cells/well, in MEM supplemented with
2% FBS) were added and the plates incubated at 37°C and 5% CO, for 5
days. The neutralizing titer was calculated on the basis of the number of
wells showing CPE using the Spearman-Kérber method (13).

Knockout of target genes with CRISPR technology. CRISPR gene
editing technology was used to generate KO Vero cell lines at the ZNF205,
EP300, and CNTD2 loci. Guide-strand RNAs targeting each gene (for
ZNF205, CCCCTAAGTCACGGCTCTAAGG; for EP300, CCCTCTCGG
CGTCCGCCAGCGA; and for CNTD2, CCGGCTCCCGGCTCGGGCC
TAT) were transfected into Vero cells together with a CRISPR-Cas9 ex-
pression construct per the manufacturer’s instructions (Sigma-Aldrich).
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Genomic DNA was isolated from individual colonies (Gentra Puregene;
Qiagen), and the status of the target site was assessed by Sanger sequencing
on an ABI 3130xl genetic analyzer. The primer sets used for sequence
analysis were as follows: for ZNF205, ZNF5961F (AGCTGTGTCTTGCA
TGTTGG) and ZNF5961R (GTCTCTGGTCCTCCCTCTC); for EP300,
EP3002F (CGAGGAGGAAGAGGTTGATG) and EP3002R (ACGTCTTC
GACCAGCTCATT); and for CNTD2, CNTD2F (GCATCTCCAGCGCT
TAAAAC) and CNTD2R (CAGGATGAGGCTCTGTCTCC). Cell viabil-
ity studies were performed on parental Vero cells as well as on Vero KO
cell lines using a CellTiter 96 nonradioactive cell proliferation assay kit
(Promega Inc.), as described above.

Ingenuity Pathway Analysis. The host cell pathways associated with
validated genes were identified using Ingenuity Pathway Analysis (Qia-
gen, Redwood City, CA), and the Ingenuity knowledge base (genes only)
was used as a reference set for estimating the probability that genes and
pathways were associated by chance alone.

Statistical analysis. To identify gene hits, virus titration data were
analyzed using the SAS software package, version 9.2 (SAS Institute, Cary,
NC). Titers from gene silencing events were analyzed relative to the titers
determined in experiments that incorporated NTCs, and, in cases of dual
silencing, the sum of the titers of the individual silencing events on the
same 96-well plate was evaluated using a nonparametric Wilcoxon two-
sample exact test. Titers were considered to be significantly higher than
those in the controls when P was <0.05.

RESULTS

Primary RNAI screen in HEp-2C cells. A genome-wide small in-
terfering RNA (siRNA) screen was performed with HEp-2C cells
to identify host gene silencing events that enhanced Sabin-2 po-
liovirus replication (Fig. 1A) (12, 15). Of the >18,200 protein-
encoding genes screened using a poliovirus type 2-specific ELISA,
124 gene silencing events significantly (Z-score = 3) increased
Sabin-2 antigen levels compared to nontargeting control results
(Fig. 1B; see also Table S1 in the supplemental material). For 76
(61%) genes, two or more siRNAs targeting different sites on the
same gene produced the same phenotype and were designated
“true positives” (see the top 27 candidates listed in Table S2). As
the increases in poliovirus antigen were not associated with in-
creased cell proliferation (data not shown), the top 27 genes were
selected for validation in a Vero cell line currently employed in
poliovirus vaccine manufacturing.

Validation of hits in a Vero vaccine manufacturing cell line.
Genes in a subset shown to increase poliovirus replication in
HEp-2C cells were validated in a Vero vaccine manufacturing cell
line by determining the virus titer (CCIDs,) following transfec-
tion with specific siRNAs. These studies incorporated all three
Sabin strains (Sabin-1, -2, and -3 viruses), as well as the wild-type
poliovirus IPV seed strains (type 1, Mahoney and Brunhilde; type
2, MEF-1; type 3, Saukett). Knockdown of 11 (40%) of the 27
genes significantly (P < 0.05) increased poliovirus titers for 6 of 7
viruses examined (Fig. 2). Knockdown of ZNF205 gave the broad-
est profile, enhancing the titers of all but one strain (Sabin-2)
by =10-fold, and led to a striking 67-fold increase in the Brun-
hilde virus titer. CNTD2 knockdown provided a similar profile,
enhancing the titers of 5 of the 7 strains by at least 1 log. After
validating siRNA-mediated gene knockdown of the top 11 genes
in both HEp-2C and Vero cells by quantitative RT-PCR (Fig. 3),
we evaluated the effects of gene silencing by the same siRNAs (in
Vero cells) on a second picornavirus, EV71. Knockdown of three
genes, ZNF205, CNTD2, and MCCDI, increased EV71 titers
by =10-fold (Fig. 4).

Antigen equivalency testing. To study the effect of host gene
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are involved in the CREB-dependent transcription pathway and
the extracellular signal-regulated kinase 1 (ERKI1)/ERK2
(ERK1/2) signaling pathway, with which EP300 and ETS1 have a
direct relationship. EP300, as well as GLRXP3 and CNTD2, has
also been shown to be related to the NF-«kB transcriptional re-
sponse, regulating cell survival and innate immune responses
(16). At least six genes, ETS1, GLRXP3, EP300, GCGR, SEC61g,
and ZNF205, are associated with cell death/apoptosis (17-19).
Five genes, BIN2A1, SEC61g, ETS1, EP300, and TAF1L, have a
direct relationship with ubiquitin C in regulating cell cycle pro-
gression, proliferation, and apoptosis.

Enhancing virus titers by multigene silencing. The top 11
genes validated in Vero cells were silenced in various combina-
tions to identify gene pairs, preferably in separate pathways, that
can be silenced to further enhance poliovirus titers. For 7 of 55
gene combinations examined, the increase in virus titer relative to
the nontargeting control (NTC) titer was equal to or higher than
that predicted from the sum of the virus titers from the individual
genes tested (Fig. 6). Some combinations included genes such as
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GCGR, TAF1L, and MCCD1 that, when silenced individually, in-
duced =10-fold increases in titer for only 1 or 2 of the viruses
tested. However, tested in combination, there were >10-fold in-
creases for 5 of 7 viruses tested. Simultaneous silencing of ZNF205
and EP300 resulted in a >10-fold titer increase for 6 of 7 viruses
tested, with the observed outcomes exceeding predicted additive
effects for 4 of the virus strains. The combination of ZNF205 and
GLRXP3 enhanced titers by >10-fold for all 7 viruses tested, with
results exceeding additive effects for Sabin-2 and Sabin-3. As was
observed for the individual gene silencing events, the increase in
virus titers was not a result of increased cell proliferation (data not
shown).

Potential role for EP300 and ZNF205. Two of the top vali-
dated host genes (ZNF205 and EP300) were further investigated
to better understand the implications of silencing these genes in
vaccine cell lines. As both genes have been previously reported to
be associated with cell survival and death/apoptosis (20), the ef-
fects of ZNF205 and EP300 silencing on the expression levels of
high-mobility group box 1 protein (HMGB1; a marker for necro-
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sis) were assessed. Knockdown of EP300 or ZNF205 reduced ex-
pression levels of HMGB1 by 85% or 80%, respectively (Fig. 7A).
Knockdown of EP300 also reduced expression of ZNF205 by 81%,
but knockdown of ZNF205 did not affect EP300 expression, sug-
gesting an epistatic relationship between the two genes where the
phenotype of enhanced virus replication depends on the absence
of a modifier gene.

Expression of several genes in the apoptotic pathway was also
altered after knockdown of ZNF205 and EP300. For example, ex-
pression of caspase-3 and -10 was reduced 83% and 62%, respec-
tively, upon ZNF205 silencing and 85% and 72%, respectively,
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FIG 5 Identification of host molecular functions tied to polio replication.
Ingenuity Pathway Analysis was used to identify the functions of the top 11
gene targets. MAPK, mitogen-activated protein kinase; cCAMP, cyclic AMP.

upon EP300 silencing (Fig. 7B). To explore the relationship be-
tween apoptosis and poliovirus replication, Vero cells were in-
fected with poliovirus in the presence of apoptotic and necrosis
pathway inhibitors (Ac-DEVD-CHO and necrostatin-1, respec-
tively). At 26 hpi, poliovirus titers in Vero cells treated with Ac-
DEVD-CHO and necrostatin-1 were 8.9-fold and 5.5-fold higher
than virus titers in untreated cells, suggesting that apoptosis and
necrosis suppress poliovirus replication, as might be predicted
(Fig. 7C). Importantly, these results suggest that the genes and
pathways identified by the primary RNAi screen can be targeted
using unrelated technologies, such as the use of small molecules,
to modify poliovirus replication.

Effects of gene knockout on poliovirus production. Three
genes, ZNF205, EP300, and CNTD2, were identified as the top
candidates for creation of new, high-performance polio vaccine
manufacturing cell lines. To knock out ZNF205 function, guide
RNA (gRNA) oligonucleotides targeting the ZNF205 gene were
introduced along with CRISPR-Cas9 expression constructs into
Vero cells. Multiple clones were then isolated, and the ZNF205
locus was sequenced to identify KO cell lines. A Vero knockout
clone (Vero-AZNF205) containing a 14-nucleotide (nt) deletion
in the third exon of the ZNF205 gene (Fig. 8A) was isolated and
used for further studies.

The parental Vero cell line and Vero-AZNF205 cells were in-

TABLE 1 Serum neutralizing titers of Sabin and wild-type polioviruses and EV71 produced in siRNA-transfected Vero cells

Virus titer (log,)

Gene Sabin-1 Sabin-2 Sabin-3 Mahoney” Brunhilde” MEF* Saukett” Enterovirus 717
Control 6.83 7.17 6.83 8.17 6.83 7.17 7.50 4.52
ZNF205 7.17 7.50 6.49 8.50 8.83 9.17 8.83 4.52
CNTD2 7.17 8.17 7.17 8.83 9.17 8.17 9.17 4.17
SEC61G 7.17 7.17 6.83 8.17 9.17 7.50 8.50 4.52
EP300 6.83 6.83 7.50 9.17 8.83 9.17 9.17 4.52
MCCD1 6.49 7.50 7.17 9.17 9.83 9.54 8.83 4.52
BTN2A1 7.17 7.50 7.17 8.83 9.17 8.83 9.50 N.D.
ETS1 7.17 7.50 6.83 9.17 8.50 9.17 8.50 N.D.
GLRXP3 7.17 7.50 6.83 9.50 8.17 8.17 8.83 N.D.
GCGR 9.83° 8.837 9.83¢ 8.50 8.50 8.83 9.83 4.52
LY6G6C 7.17 8.17 7.50 8.83 8.50 8.50 9.17 4.17
TAFIL 9.83% 9.17¢ 9.83¢ 9.17 9.17 8.83 8.83 N.D.

“ Neutralization assays were performed with a different, second pool of in-house human reference sera.
b Neutralization assays were performed with a rabbit polyclonal anti-enterovirus 71 serum. N.D., not determined.
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FIG 6 Effects of dual gene silencing on poliovirus replication. Effects of dual gene silencing on Sabin and wild-type strains were assessed. Values were calculated
relative to the average titer in cells transfected with the nontargeting control siRNA (NTC) (n = 5). Expected values were calculated on the basis of the sum of fold
increases observed in individual silencing events. Values represent the averages of fold increases observed among three transfection experiments. Error bars
represent the SEM. Combinations that exceed additive effects on virus titers (P < 0.05) are indicated with a star.

fected with Sabin-1, -2, or -3 polioviruses to determine the effects
of ZNF205 knockout on poliovirus production. As shown in Fig.
9B and D, the parental cell line generated a titer of 2.05 X 10° PFU
of Sabin-2 virus/ml. Under equivalent conditions, four separate
Vero-AZNF205 clones induced titers ranging from 9 X 107 to 1.9 X
10® PFU/ml (data not shown). Similar improvements in viral titers
were observed for Sabin-1 (Fig. 9A and D) and Sabin-3 (Fig. 9C and
D). Targeting of the ZNF205 gene in the Vero-AZNF205 cell line
with ZNF205-siRNA failed to provide further enhancement of
viral titers (data not shown), supporting the hypothesis that the

1700 jvi.asm.org
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genes targeted by knockout and knockdown technologies are the
same. These studies support the conclusions that ZNF205 down-
regulation greatly enhances poliovirus production and that
knockout of the ZNF205 gene can increase PV production by
56.7-fold to 88.8-fold over the level seen with the original parental
cell line.

Targeting of EP300 by CRISPR generated a Vero-AEP300
clone containing a 49-nt deletion in exon 1 (Fig. 8B). Tested to
assess the effects of EP300 KO on Sabin virus replication, the
EP300 KO line consistently increased viral titers 20-fold to 25-fold
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for all three Sabin strains (Fig. 9E to H), results that were similar to  essential role of the CNTD2 gene function in Vero cells. Sequence
those obtained using RNAi gene knockdown technology. analysis of a Vero-ACNTD2(+/—) clone identified a 27-nt dele-

Analysis of multiple CNTD2 clones targeted with CRISPR  tion in the first exon of one CNTD?2 allele (Fig. 8C). Infection of
gRNA failed to identify a homozygous knockout, suggesting an ~ Vero-ACNTD2(+/—) cells with Sabin-2 increased titers by 20-

A

HEp-2C WT ATCGCAGGAGGATGGGGCTCAAGGTGCCTGGGGCTGGGCACCCCTAAGTCACGGCTCTAAGGAGAARAA
Vero WT ATCGCAGGAGGATGGGGCTCAAGGTGCTTGGGGCTGGGCACCCCTAAGTCACGGCTCTAAGGAGAAAA
Vero ZNF205A ATCGCAGGAGGATGGGGCTCAAGGTGCTTGGGGCTGGGC—~-—~-———-———-—~— GCTCTAAGGAGAAAA
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CRISPR ZNF205_59F CCCCTAAGTCACGGCTCTAAGG

B

HEp-2C WT CCGCCTTCAGCCAAGCGGCCTAAACTCTCATCTCCGGCCCTCTCGECGTCCGCCAGCGATGGCACAGGTTAGTTTCGGCAGCCCCGGCC
Vero WT CCGCCTTCAGCCAAGCGGCCTAAACTCTCATCTCCGGCCCTCTCGECGTCCGCCAGCGATGGCACAGETTAGTTTCGGCAGCCCCGGCC
Vero EP300A CCGCCTTCAGCCARGCGGCCTA - == == = = == == = = = = = = — — oo oo GTTTCGGCAGCCCCGGCC
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CRISPR EP300_64 CCCTCTCGGCGTCCGCCAGCGA

C

HEp-2C WT GCAAAGGAGAGGGCCTGGGGACTCAGCGCCTAACGATAGGCCCGAGCCGGGAGCCGGGACCCTGGTCCCTGCCTCTCACCAGCATCCTCC
Vero WT GCAAAGGAGAGGGCCTGGGGACTCAGCGCCTAAAGAGAGGCCTGAGTCGGGAGCCGGGCCCCTGGTCCCTGCCTCTCACCAGCATCCTCC
Vero CNTD2A GCAAAGGAGAGGGCCTGGGGACTCAGCGCC-——————=——————————————————— GCCCCTGGTCCCTGCCTCTCACCAGCATCCTCC
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CRISPR CNTD2_08 AGAGAGGCCTGAGTCGGGAGCCGG

FIG 8 Sequence analysis of ZNF205, EP300, and CNTD2 targets in knockout cell lines. Alignment of ZNF205, EP300, and CNTD2 sequences surrounding the
CRISPR-Cas9 target sites in HEp-2C, Vero WT, and Vero KO cell lines is shown.
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production in unmodified Vero and Vero-AEP300 cells. (I to L) Differences in Sabin virus production in unmodified Vero and Vero-ACNTD2(+/—) cells.

fold over those seen with the original parental Vero cell line (Fig.
9J and L). Sabin-1 and Sabin-3 titers were observed to increase by
80-fold to 100-fold in the stable Vero-ACNTD2(+/—) clone
(Fig. 91, K, and L).

DISCUSSION

This study demonstrated that modulating the expression of virus
resistance genes in a mammalian cell line licensed for polio vac-
cine manufacturing increases poliovirus and EV71 production
from 10-fold to >80-fold. Increases in viral replication can be
translated to a number of substantial improvements in vaccine
production outcomes. An engineered cell can increase virus yield
per unit culture volume, lowering production costs related to me-
dium requirements, filtration, and purification, and allow (i)
scale-up to meet current global IPV needs and/or (ii) adoption of
smaller single-use bioreactors that have a reduced footprint.
Higher vaccine titers would also address the issue of virus titer
decay during storage, resulting in dramatically reduced costs. As
the validated gene silencing events facilitate replication of both
wild-type and Sabin poliovirus strains, these savings would be
realized for both traditional OPVs and IPVs as well as for the most
recent generation of inactivated vaccines based on Sabin viruses
(21). An increase in EV71 production could also facilitate wide-
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spread application of EV71 vaccines currently in advanced clinical
trials or undergoing licensure in the Asia-Pacific region (7, 22).
RNAI screening studies performed over the past decade have
shown that small changes in screening parameters (e.g., assay for-
mats, cell types, and virus strains) can lead to considerable changes
in the gene hits identified by the screen. This is exemplified by
comparing the hit lists from several influenza virus studies, in
which as little as 3% overlap exists among the different screens
(23). Given this history, it is not surprising that there was a reduc-
tion in the number of validated hits in transitioning from the
HEp-2C cellline screen using Sabin-2 virus to validation studies in
a Vero vaccine manufacturing cell line using multiple poliovirus
strains. Fifty percent of the gene silencing events that enhanced
Sabin-2 replication in HEp-2C cells failed to enhance Sabin-2 rep-
lication in Vero cells. This may be attributable to incompatibility
between siRNAs designed for the human genes and the monkey
target sequences. It was also observed that knockdown events that
dramatically enhanced Sabin-2 replication in both HEp-2C and
Vero cells did not similarly enhance replication of closely related
strains, e.g., Sabin-1, Sabin-3, and wild-type strains. This might be
explained by differences in the levels of replicative fitness of wild-
type strains versus attenuated strains and/or by differences related
to virus-host interactions. The latter has been previously observed
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for another enterovirus, coxsackievirus B3, where one mutation in
the capsid region altered viral interaction with a proapoptotic pro-
tein, Siva, and delayed activation of the apoptotic pathway (24).

The identification of validated genes associated with the
ERK1/2- and CREB-dependent pathways is consistent with previ-
ous findings indicating that these pathways interfere with poliovi-
rus and coxsackievirus B3 replication in human brain microvas-
cular endothelial cells (25). Polioviruses are also known to
interfere with the CREB-dependent pathway through cleavage of
CREB by the viral 3C protease, resulting in shutdown of RNA
polymerase II-mediated gene transcription (25, 26). In this study,
TAFI1L, which has a role in assembly of the RNA polymerase II
complex (27), was validated as a gene whose silencing enhances
poliovirus replication (see Table S3 in the supplemental material).
Other viruses may also target the CREB-dependent pathway by
interfering with EP300, another validated gene in the current
study (28, 29). There are several other host cell genes that were
determined to affect poliovirus replication in this study, but their
associated cellular functions are unknown or not well understood.
Extrapolating from discovery to potential function, the ZNF205
gene found to be important in poliovirus replication may affect
replication through the apoptotic pathway, as this gene has been
previously shown to negatively regulate transcription of an anti-
apoptotic protein, M-LPH, in a human breast cancer cell line (30,
31). Separately, the validated hit SEC61G, which is part of a pro-
tein translocation complex in the endoplasmic reticulum (ER)
membrane, may affect poliovirus replication by altering ER-Golgi
complex protein translocation. Such changes could result in (i)
accumulation of membrane structures used for poliovirus RNA
replication, (ii) enhancement of virus release, and/or (iii) viral
evasion of host immune responses (19, 32-34). As enterovirus
replication requires the accumulation of phosphatidylinositol-4-
phosphate (PI4P) lipids and unesterified cholesterol on mem-
brane structures (35, 36), the possible role for the BTN2A1 gene
discovered in this study is becoming clearer due to its known
involvement in lipid metabolism. Studies are in progress to un-
ravel the mechanisms of action for all of the validated genes dis-
covered in this study.

Note that some of the host genes previously identified as affect-
ing poliovirus were not identified in this work. For example, one
class of proteins known to be targeted by poliovirus is eukaryotic
initiation factor 4GI (eIF4GI) (37). However, as poliovirus has
been shown to cripple these specific host functions, RNAi knock-
down would be not expected to further enhance these effects over
control experiment results; thus, there is no expectation that such
genes would be identified in this screen. Interestingly, while CREB
(a target of the polio 3CP™ protein) was not identified as a hit,
targets downstream in the CREB-dependent pathway were vali-
dated in these studies, suggesting that elements downstream of
CREB have additional functions, perhaps in parallel pathways that
similarly suppress viral replication. Another class of genes that
failed to be validated in this work includes genes associated with
host responses to viral infection, specifically, interferon (IFN) al-
pha/beta. Vero cells are interferon deficient and do not secrete
interferon alpha or beta when infected by viruses (38). Further,
previous studies have shown that poliovirus interferes with IFN
responses by cleaving the host MDA5 and MAVS proteins (39).
Finally, note that the screen described here utilized a very high
pass/fail Z-score value to ensure that the gene targets that moved
into validation studies significantly enhanced virus production.
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As such, some of the genes that one might have expected to iden-
tify (e.g., AUF, G3BP) are absent due to the fact that knockdown
led to low, less relevant levels of titer enhancement. On the basis of
these reasons, the results from this screen cannot be considered to
represent a definitive map of host-poliovirus interactions.

The development of engineered vaccine cell lines provides a
paradigm-changing solution to address the cost and vaccine pro-
duction hurdles that global health officials face. A dramatic in-
crease in vaccine titers impacts both material and labor costs by
reducing the number of manufacturing runs needed to generate
production goals. In addition, the increased productivity pro-
vided by engineered cell lines should allow development of more
geographically localized, small-scale production facilities which
further reduce costs by minimizing cold storage, packaging, and
shipping requirements. Combined with other solutions across the
vaccine production workflow, engineered cell lines will contribute
substantially to address overall global health needs.
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