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IMMUNOLOGY

Apolipoprotein E mediates cell resistance to influenza

virus infection

Ping Gao't, Miao Ji'*t, Xinyuan Liu?t, Xiaotong Chen't, Hongtao Liu"?, Shihua Li’,
Baogian Jia', Chao Li'? Lili Ren?, Xin Zhao', Qihui Wang’, Yuhai Bi', Xu Tan*, Baidong Hou®,
Xuyu Zhou''%, Wenjie Tan’, Tao Deng’, Jianwei Wang>*, George Fu Gao"'®’*, Fuping Zhang"®*

Viruses exploit host cell machinery to support their replication. Defining the cellular proteins and processes
required for a virus during infection is crucial to understanding the mechanisms of virally induced disease and
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designing host-directed therapeutics. Here, we perform a genome-wide CRISPR-Cas9-based screening in lung
epithelial cells infected with the PR/8/NS1-GFP virus and use GFP" cell as a unique screening marker to identify
host factors that inhibit influenza A virus (IAV) infection. We discovered that APOE affects influenza virus infection
both in vitro and in vivo. Cell deficiency in APOE conferred substantially increased susceptibility to IAV; mice deficient
in APOE manifested more severe lung pathology, increased virus load, and decreased survival rate. Mechanistically,
lack of cell-produced APOE results in impaired cell cholesterol homeostasis, enhancing influenza virus attachment.
Thus, we identified a previously unrecognized role of APOE in restraining IAV infection.

INTRODUCTION

The influenza virus is responsible for almost half a million deaths
every year and thus poses a serious global health threat. The latter is
particularly true for the immunocompromised population, such as
the elderly (>65 years) and the children, because these individuals
are particularly prone to severe influenza virus-induced respiratory
disease. In addition, influenza virus superinfection can produce
antigenic shifting and lead to virus reassortment, providing evolu-
tionary flexibility to sample different virus genotypes, some of
which may be more pathogenic [for example, influenza strains
such as the HIN1 strain or the related H7N9 and H5N1 strains that
cause pandemic infection affecting a large proportion of the world
population (1, 2)].

The host uses a variety of mechanisms to defend itself from virus
infection. Much progress has been made in identifying host fac-
tors that are anti-influenza A virus (IAV) infection. Chief among
these is the viral induction of interferons (IFNs), proteins that trigger
the transcriptional up-regulation of many IFN-stimulated genes
(ISGs). ISGs are critical for intrinsic cell defense against viruses: They
encode typical restriction factors that target various stages of a viral
life cycle [e.g., entry: IFN-inducible transmembrane 3 (IFITM3);
nuclear import: myxovirus resistance 1 (MX1) and MX2; mRNA
synthesis: apolipoprotein B mRNA editing enzyme and catalytic
polypeptide-like families; protein synthesis: protein kinase R; repli-
cation: 2',5’-oligoadenylate synthetase 1 (OAS1); egress: tetherin],
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which are capable of blocking viral infection in a variety of ways
(3, 4). In addition, acute inflammation is also a critical host defense
response during viral infection, but it will drive immunopathology
and tissue damage when dysregulated. Moreover, obesity is an
important factor that drives inflammation during IAV infection.
Independent of other comorbidities or risk factors, individuals with
obesity were at higher risk of death due to IAV infection during the
2009 pandemic (5). Even when influenza vaccination is accounted
for, adults with obesity are still twice as likely to develop influenza
or influenza-like illnesses than adults with healthy weight (6). Accord-
ingly, obese mice infected with IAV have a sixfold increase in mortal-
ity compared to their nonobese counterparts (7). However, the exact
mechanism of obesity versus enhanced IAV infection remains
elusive. It is known that obesity is associated with dyslipidemia and
metabolic syndrome (8, 9). Thus, one possibility is that obesity-
induced dyslipidemia may lead to an enhanced IAV infection, but
this has never been explored.

Apolipoprotein E (APOE) is a glycoprotein of 35 kDa that belongs
to a class of cellular proteins involved in lipid metabolism. APOE
also has an important role in cholesterol efflux, as documented by
studies in patients and animal models with APOE deficiency or
mutated APOE genes (10, 11). APOE plays an essential role in lipo-
protein transport. For viral infection, it is known that apolipoproteins
are exploited by the hepatitis C virus (HCV) to benefit virus entry,
assembly, and transmission; in addition, APOE contributes to HCV
pathogenesis and viral evasion from neutralizing antibodies (12-14).

On the other hand, viruses, as intracellular parasites, co-opt var-
ious host metabolic functions to facilitate their entry, replication,
assembly, and egress. Identification of these functions has the po-
tential to allow a better understanding of the mechanisms underlying
the several phases of the virus life cycle. It could thus lead to the
development of new antiviral compounds. Accordingly, various
screening approaches have been used to identify host factors operative
against influenza infection, such as small interfering RNA screening
(15-17) and CRISPR-Cas9-based screening (18-22). Most of these
screenings use cell survival as a screening marker. While this has
resulted in the identification of hundreds of genes that have been
shown to be important for influenza virus replication, it could not
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screen out antiviral genes. Thus, there is a large number of antiviral
genes that remain to be found. ‘

Here, using green fluorescent protein-high (GFP™) cells as a selec-
tion marker after PR/8/NS1-GFP virus infection, we performed an
extensive genome-wide CRISPR-Cas9 screening to uncover previously
unidentified host factors participating in anti-influenza virus infec-
tion. Among the factors, one of the unknown factors for restricting
IAV infection and that particularly drew our attention was APOE.
We found that depletion of APOE resulted in markedly increased
susceptibility to AV infection in vitro and in vivo. The cholesterol
level modulated by APOE restricted IAV attachment, suggesting
that reduced cellular cholesterol is an essential host defense strategy
against IAV infection.

RESULTS

Genome-wide CRISPR-Cas9 screening identified host factors
that restrict IAV infection

To search for host factors targeting IAV infection, we performed
high-throughput genome-wide screening using a CRISPR-Cas9
lentiviral system. In this screening, human lung adenocarcinoma cells
(A549) were transduced with a lentiviral single-guide RNA (sgRNA)
library targeting 19,050 genes and subsequently treated with puro-
mycin to obtain A549 cells that had undergone genome-wide knock-
out (A549-GeCKO) (Fig. 1A). The NSI protein in influenza viruses
is present in virions (albeit at low levels) (23) and is highly expressed
when the virus replicates in cells; therefore, we used GFP expression
as a screening marker after PR/8/NS1-GFP virus infection (24).
Accordingly, A549-GeCKO cells were infected with PR/8/NS1-GFP,
and live GFP-high cells (GFPh‘) were sorted by flow cytometry. We
assumed that GFP" cells are cells with enhanced TAV infection after
knocking out certain genes, especially host factors against virus
infection. In contrast, total GFP* cells will include cells where IAV
infection is probably not affected by knocking out the gene. It should
be noted that using live GFP" cells as a screening marker is novel. It
is different from the known strategy of using cell death (or survival)
as an end point for CRISPR-Cas9 screening (18, 20). Using cell sur-
vival as a screening strategy can only enrich genes essential for IAV
infection, but it could not enrich antiviral genes. sgRNAs in sorted
GFP" cells and control cells (A549-GeCKO cell without infection)
were barcoded, amplified by polymerase chain reaction (PCR), and
deep sequenced. The fold enrichment of the target gene in the GFp™
cell was calculated by comparing the gene reads of each guide RNA
(gRNA) in the GFP" with that in the control sample. We observed
robust enrichment of >500 genes of sgRNA in the A549-GeCKO
library (Fig. 1B and table S1). As expected, among the top hits, i.e.,
those that exhibited the most significant enrichment of their specific
gRNAs, multiple genes have been reported to restrain IAV infec-
tion. These included MX1, IFNLR1, OASI, and IFITM3 (Fig. 1B and
fig. S1A) (3, 4), demonstrating that using GFP" cells as a screening
marker in the GeCKO system can reveal previously identified IAV
host factors.

Next, we used the Gene Ontology (GO) analysis to identify en-
riched biological processes and determined that 130 (150 in GO
analysis, MicroRNA excluded) genes from the screening (P < 0.05)
mapped to known biological processes (fig. SIB). We observed en-
richment for genes involved in the type I IFN pathway, important
for anti-influenza virus infection. We also observed enrichment for
genes involved in cholesterol and lipoprotein metabolism, Toll-like
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receptor and nuclear factor kB signaling pathways, etc. Therefore,
the GeCKO screening confirmed previously described antiviral pro-
cesses, such as the type I IFN pathway, and highlighted other meta-
bolic processes, including cholesterol and lipoprotein, that may
potentially be important for IAV replication.

Validation of APOE as a factor in anti-IAV infection

As indicated in GO analysis, genes involved in cholesterol and lipo-
protein metabolism were enriched. Among them, multiple sgRNAs
targeting a well-known gene, APOE, appeared among the top hits
(Fig. 1B) and were on the top hit in three independent experiments.
APOE plays an essential role in lipoprotein transport. For viral
infection, it is known that APOE benefits HCV infection. However,
the possible antiviral function of APOE, especially in IAV infection,
as implied by the findings above, is largely unreported.

Although APOE expression is relatively low in A549 cells, it is
up-regulated upon IAV infection (fig. S2A). To validate APOE as a
factor in anti-IAV infection, we knocked down APOE and two ad-
ditional genes, IFITM3 and MX1, by short hairpin RNA (shRNA) to
determine the effect of the genes on IAV infection; the latter two
genes are both known to inhibit IAV infection and thus served as
positive controls (15, 25). Accordingly, A549 cells were transduced
with control, IFITM3, MX1, or APOE shRNAs and selected by
puromycin to obtain stable knockdown (KD) cell lines. The KD
efficiencies were estimated by quantitative reverse transcription
(qRT)-PCR and immunoblot (fig. S2, B and C). The cells were then
infected with PR/8/NS1-GFP and assayed for the percentage of
infected cells. In line with previous reports, there were more GFP*
cells among cells subjected to IFITM3 and MX1 KD than control
cells transduced with scrambled shRNA (fig. S2D). In addition, the
fraction of GFP" cells among cells with APOE KD was also in-
creased compared with control cells. The number of GFP" cells in
APOE KD cells was similar to that in IFITM3 or MX1 KD cells and
roughly correlated with its KD efficiency (fig. S2D). Furthermore,
we infected control and APOE, IFITM3, and MX1 shRNA KD A549
cells with A/Puerto Rico/8/1934, HIN1 (PR8). We then stained the
cells with anti-hemagglutinin (anti-HA), anti-nucleoprotein (anti-NP),
or anti-M2 antibodies and detected them by either flow cytometry
or confocal microscopy 12 hours after infection (15). We found
that the percentage of NP*, M2", or HA" cells was greatly increased
in APOE KD, IFITM3 KD, and MX1 KD cells compared with cells
transduced with scrambled shRNA (fig. S2, E and F).

In complementing the above shRNA KD studies, we constructed
A549 APOE knockout (KO) cells by APOE-specific CRISPR-Cas9
targeting. APOE KO in A549 cells was verified by sequencing and
immunoblot (fig. S2, G and H). Two A549 APOE KO cell clones, as
well as one wild-type (WT) cell clone, were infected with PR8 and
then evaluated by either flow cytometry (Fig. 1C) or confocal mi-
croscopy (Fig. 1D) as above. We found that the proportion of NP”,
M2, or HA" cells was significantly increased in A549 APOE KO cells
compared with in WT cells. Moreover, cell lysate from the infected
cell was detected by immunoblot to confirm viral protein expression.
We found that HA and NP expression increased in APOE KO A549
cells compared with WT cells (Fig. 1E).

Although intracellular viral proteins are strongly correlated with
the viral titer, detecting viral protein is not a direct measurement of
IAV. Thus, we investigated whether APOE KD or APOE KO cells
could generate more virus RNA (v-RNA) or infectious virus parti-
cles in the supernatant by qRT-PCR or classical plaque assay. APOE
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KD/KO and control cells were infected with PR8. The supernatant
of the infected cells was collected at 12 hours after infection, RNA
was extracted from the supernatant, complementary DNA (cDNA)
was reverse-transcribed by IAV M1 vRNA primer, and the IAV
v-RNA copy number was assessed by qRT-PCR. In line with the ex-
periments above, the IAV v-RNA copy number in supernatants from
APOE KO cells increased more significantly than in supernatants
from control cells (Fig. 1F). Because the v-RNA copy numbers may
not truly reflect the number of infectious virus particles, we next
determined the infectious viral particles in the supernatants. Viral
titers [plaque-forming units (PFU)/ml] were measured by plaque
assays on Madin-Darby canine kidney (MDCK) cells. We found
that the virus titer was increased in cells treated with supernatant
from APOE KD/KO cells compared with that of control cells
(Fig. 1G). Moreover, to detect IAV growth kinetics in WT and
APOE KD/KO cells, we infected WT and APOE KD/KO cells with
the HIN1 PR8 virus at a relatively low multiplicity of infection
(MOI) of 0.01 and monitored virus production at 12, 24, 36, 48, 60,
and 72 hours after infection by plaque assay. Virus production
peaked after 48 hours after infection. We observed about a seven- to
eightfold increase in virus titer in supernatant from APOE KD/KO
cell compared to WT cells at almost all time points (Fig. 1H). Thus,

these studies establish that cells lacking APOE increased actual IAV
infection more than WT cells. Last, the increased IAV infection in
APOE KO A549 cells noted above was irrelevant to immunological
cytokine production in the cells because IFN-B and interleukin-6
expression increased in APOE KO after IAV infection, probably
because of increased IAV virus load in the cells (fig. S3A). These
findings thus prove that APOE plays a cell-intrinsic effect on the
restriction of IAV infection.

The APOE expression is relatively low in A549 cells. We next
determined the effect of APOE on IAV infection in Huh7 cells that
express somewhat higher levels of APOE (fig. S4A). We again used
the lentivirus transduction of shRNA to construct Huh?7 cell lines
with stable KD of APOE, IFITM3, and MX1. The KD efficiency was
estimated by qRT-PCR (fig. S4B) or immunoblot (fig. S4C). We
found that the frequency of NP* or HA™ cells was also significantly
increased in APOE KD Huh7 cells (as well as in IFITM3 and MX1
KD cells) when compared to cells transduced with scrambled shRNA
as detected by flow cytometry (fig. S4D) or by confocal microscopy
(fig. S4E). Besides, APOE KO Huh7 cell lines were constructed by
CRISPR-Cas9-mediated targeting, and APOE KO in the Huh?7 cells
was verified by either sequencing (fig. S4F) or immunoblot (fig. S4G).
We created one clone of APOE KO in the Huh7 cell line, and a cell
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Fig. 1. Identification and validation of APOE as a factor in anti-lAV infection. (A) Overview of GeCKO screen strategy in human lung epithelial (A549) cells. MOI, multi-
plicity of infection. SSC-A, side scatter parameter. (B) Volcanic mapping of genes enriched in GFP* cells after PR/8/NS1-GFP infection of the A549-GeCKO library. Genes
known for anti-IAV infection or genes with high enrichment are highlighted. Log,FC, log; fold change. (C and D) A549 WT and APOE KO cells were infected with PR8 at a
MOI of 0.5. NP* and M2* cells were assessed by flow cytometry (C) or immunofluorescence microscopy (D) 12 hours after infection (left). Relative fold infection from four
independent experiments with SD was statistically analyzed (right). Scale bars, 100 um. DAPI, 4',6-diamidino-2-phenylindole. (E) A549 WT and APOE KO cells were infected
as in (C), and NP and HA expression was assessed by Western blot. The data shown are representative of three independent experiments. (F and G) Supernatant from the
A549 WT and APOE KD/KO cells infected as in (C) was collected, the v-RNA was quantified by qRT-PCR (F), and virus titer was detected by plaque assay (G). Data are shown
as means + SD from at least three independent experiments. (H) WT and APOE KD/KO A549 cells were infected with PR8 with a low MOI of 0.01, and supernatant was
collected to detect the PR8 growth kinetics by plaque assay. The data shown are representative of three independent experiments. P values were determined using
Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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clone without any mutation was used as WT control. Huh7 WT and
APOE KO cells were infected with PR8. We found that PR8 infection
increased in Huh7 APOE KO cells detected by either flow cytometry
(Fig. 2A) or confocal microscopy (Fig. 2B). Cell lysate from infected
Huh?7 cells was also detected by immunoblot, and HA or NP expres-
sion was increased in APOE KO Huh?7 cells compared with that in
WT cells (Fig. 2C). IAV v-RNA or viral particles were detected in
the supernatant. The IAV v-RNA or infectious viral particles were
increased in the supernatant of Huh7 APOE KO cells (Fig. 2, D and E)
compared with that of WT Huh?7 cells. A similar observation was
obtained with the IAV growth kinetics study in WT and APOE KO
Huh?7 cells (Fig. 2F). We observed a seven- to eightfold increase in
virus titer in Huh7 APOE KO cells after PR8 virus compared to WT
Huh?7 cells.

Last, to further detect whether APOE could protect the cell from
IAV infection, we complement the loss-of-function APOE results
by reinstating WT APOE in APOE KO cells and detecting whether
WT APOE could reverse the increased virus infection in APOE KO
cells. WT and APOE KO A549 or Huh?7 cells were transduced with
either an empty vector or lentiviral vector expressing APOE and
selected by puromycin to obtain a cell line that stably expresses
APOQE. The complement of WT APOE in APOE KO cells was con-
firmed by immunoblot (fig. S5, A and B). WT, APOE KO, and
APOE KO cells complemented with WT APOE were infected with
PR8. We found that APOE KO cells complemented with APOE
manifested reduced IAV infection, as indicated by decreased frequency

of NP" cells compared with APOE KO cells but comparable to that
of WT cells (fig. S5, C and D). Moreover, a viral titer was also detected.
We found that APOE KO cells complemented with APOE manifested
comparable viral titer with that of WT cells (fig. S5E), suggesting
that the reinstatement of WT APOE expression protected APOE KO
cells from IAV infection.

Together, our screening identified a host factor APOE, whose loss
rendered cells more susceptible to IAV infection.

APOE-deficient mice exhibit enhanced IAV infection

and severe disease pathology

To further investigate the role of APOE during IAV infection in vivo,
we first detected the immunological baseline of uninfected WT,
ApoE*", and ApoE™~ mice. We found that the percentage and total
number of neutrophils in the lung of uninfected ApoE~~ mice but
not ApoE*"~ mice were significantly decreased compared to WT mice
(fig. S6A). In contrast, the expression of other cell subsets and proin-
flammatory cytokines is comparable among those mice (fig. S6, B to
D). Dyslipidemia was only observed in ApoE™~ but not ApoE*~
mice (fig. S6E). We next infected ApoE"~, ApoE™", and WT mice
by intranasal administration of PR8 and then monitored the disease
progression. PR8-infected ApoE"~ and ApoE ™'~ mice exhibited more
significant weight loss (Fig. 3A) and a markedly decreased survival
rate (Fig. 3B) than WT mice. In addition, the lung size or lung
weight of ApoE*"~ and ApoE ™~ mice was significantly increased and
exhibited enhanced necrosis and fibrosis compared with lungs from
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Fig. 2. Validation of APOE as a factor in anti-IAV infection. (A and B) Huh7 WT and APOE KO cells were infected with PR8 at an MOI of 0.3. NP™ and M2" cells were
assessed by flow cytometry (A) orimmunofluorescence microscopy (B) 12 hours after infection (left), and relative fold infection from three independent experiments with
SD was statistically analyzed (right). Scale bars, 100 um. (C) Huh7 WT and APOE KO cells were infected as in (A), and NP and HA expression was assessed by Western blot.
The data shown are representative of three independent experiments. (D and E) Supernatant from the Huh7 WT and APOE KO cells infected as in (A) was collected, the
v-RNA was quantified by qRT-PCR (D), and virus titer was detected by plaque assay (E). Data are shown as means + SD from at least three independent experiments.
(F) WT and APOE KD/KO Huh?7 cells were infected with PR8 with a low MOI of 0.01, and supernatant was collected to detect the PR8 growth kinetics by plaque assay. The
data shown are representative of at least three independent experiments. P values were determined using Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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WT controls (Fig. 3, C and D). Bleeding into alveoli or neutrophil
cell infiltration was enhanced in IAV-infected ApoE*~ and ApoE ™~
lungs compared to WT lungs on day 4 or 7 after IAV infection
(Fig. 3E and fig. S6F). These pathologic differences correlated with
the presence of higher IAV mRNA levels in the ApoE*~ and ApoE ™"~
mice compared to that in WT mice at this time point (Fig. 3F), and
the TAV titers in the lung at day 4 after infection were elevated as
well (Fig. 3G). The percentage of neutrophils and proinflammatory
cytokine expression was also increased in ApoE”~ and ApoE"~ mice
on day 4 after infection (fig. S6, G and H), indicating enhanced in-
flammation. Thus, the finding in IAV-infected ApoE*~ mice and
ApoE™~ mice provided further evidence supporting our conclusion
that APOE plays an essential role in restriction IAV infection in vivo.

Moreover, it should be noted that ApoE*~ mice exhibited an inter-
mediate phenotype with respect to weight loss, histology, and virus
titer as compared to ApoE”~ and WT mice, indicating a dose-
dependent effect of APOE on IAV infection. The finding supporting
this conclusion is that the protein level of APOE in the lung of
ApoE"” mice is intermediate between WT and ApoE ™~ mice as de-
tected by immunoblot (Fig. 3H).

To further confirm the in vivo phenotype observed in APOE-
deficient mice, we evaluated infection in mouse embryonic fibro-
blasts (MEFs) derived from WT, ApoE*", and ApoE™~ embryos.
We found that PR8 infection was enhanced in ApoE"”~ and ApoE ™"~
MEEF cells (Fig. 31). The v-RNA and virus titer detected from
IAV-infected ApoE"~ and ApoE™~ MEF cell supernatant were also
increased compared to WT MEF cell supernatant (Fig. 3, ] and K).

APOE broadly inhibits H5N1 and H7N9 IAV infection

To establish that APOE-mediated restriction of IAV was not limited
to the HIN1 PR8 strain studied above but was broadly applicable to
IAV infection, we next tested APOE’s effect on two other highly
pathogenic avian influenza virus strains: H7N9 and H5N1. We
found that infection of A549 APOE KO cells with these viral strains
led to a higher number of NP* cells than that of WT cells, as deter-
mined by flow cytometry (Fig. 4, A and B) or confocal microscopy
(Fig. 4, C and D). In addition, the culture supernatant of APOE KO
cells that infected with H7N9 and H5N1 contained increased numbers
of viral particles compared to WT supernatants, as detected by the
chicken hemagglutination test (Fig. 4E). Last, to determine the ef-
fect of ApoE on H7N9 infection in vivo, WT, ApoE*~, and ApoE ™"~
mice were intranasally infected with H7N9, and disease progression
was monitored. As with HIN1 infection, H7N9-infected ApoE*~
and ApoE™~ mice exhibited more weight loss (Fig. 4F) than WT mice,
and the lung weight of ApoE"~ and ApoE ™ mice was also increased
(Fig. 4G) compared with that of WT mice. These findings further
strengthen the physiological relevance of APOE acting as a regulator
of IAV infection and a component of the host barrier that broadly
restricts different strains of IAV infection in vitro and in vivo.

APOE deficiency affects viral attachment

To address where APOE block was occurring in the virus’s life cycle,
we first used IAV pseudovirus particles to determine whether APOE
affects the entry of IAV into the cells. The IAV pseudovirus particles
contain an HIV genome encoding luciferase coated with envelope
protein from IAV HA and NA [derived from the A/WSN/33(H1IN1)
viral strain]. APOE KO cells exhibited increased entry of the
pseudovirus particles, as indicated by the increased luciferase signal
observed in these cells (Fig. 5, A and B). Because the entrance of
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pseudovirus particles into a cell depends on its envelope’s composi-
tion, these data support the conclusion that APOE inhibits IAV entry
into the cells (15). We next asked whether the APOE was required
for IAV entry by allowing virus attachment to the cell surface mem-
brane. We incubated WT and APOE KO cells with PR8 virus at
4°C for 60 min (to prevent viral fusion), washed and extracted
RNA, and performed RT-PCR to detect the surface-bound virus. We
found that v-RNA was higher in APOE KO cells than in WT cells,
suggesting that APOE absence enhanced virus attachment (Fig. 5C).
To detect whether APOE affects IAV fusion, a classic “acid bypass”
assay was performed where the viral membrane is fused to the plasma
membrane by a transient low-pH treatment, causing the viral ribo-
nucleoprotein complex (VRNPs) to be deposited directly into the
cytoplasm (26, 27). We found that fusion was not enhanced in APOE
KO A549 cells in the acid bypass assay (fig. S7A), indicating that the
lack of APOE does alter pH-dependent fusion. Last, it is important to
functionally disentangle influenza’s normal receptor from APOE by
demonstrating that treating cells with sialidase similarly abrogates
virus attachment in WT or APOE KO cells. To this end, we treated
WT and APOE KO cells with sialidase and performed an IAV at-
tachment experiment as above. We found that sialidase treatment
reduces viral attachment in both WT and APOE KO cells to a simi-
lar level as detected by RT-PCR (Fig. 5D). Collectively, our findings
provided strong evidence that APOE inhibits IAV infection mainly
through decreasing IAV attach to its receptors.

To determine whether APOE affects the IAV life cycle by regu-
lating viral RNA synthesis, we constructed APOE KO human
embryonic kidney (HEK) 293 cells by CRISPR-Cas9 technique and
confirmed that these cells had undergone successful APOE KO by
sequencing, immunoblot, and IAV infection (fig. S7, B to D). We
then used a well-established minireplicon assay to examine whether
the absence of APOE in these cells affected the polymerase activity
of IAV (28, 29). In these studies, HEK293 WT and APOE KO cells
were cotransfected with plasmids encoding various viral components,
including plasmids encoding PB1, PB2, PA, and NP and a poly-
merase I (Pol I)-driven RNA expression plasmid encoding the HA
v-RNA segment; HA expression was then estimated by immunoblot
24 hours after transfection. We found that WT and APOE KO cells
exhibited comparable HA expression, indicating that HIN1 PR8
polymerase activity was similar in the two cells (fig. S7E). To further
detect the effect of APOE on viral RNA replication, we used
pPolINP-luc reporter, which is a polymerase I (Poll)-driven plasmid
expressing influenza virus-like firefly luciferase RNA with a non-
coding region of nucleoprotein gene of IAV on both ends (30-32)
to quantify IAV polymerase activity in WT and APOE KO cells. We
found that the luciferase activity in APOE KO cells was comparable
with that of WT cells (fig. S7F). It was, therefore, apparent that APOE
does not inhibit viral RNA replication. Collectively, the above studies
provide evidence that APOE restricts IAV infection by inhibiting
IAV attachment.

Cellular cholesterol homeostasis was regulated by APOE

We next explored the mechanism by which APOE restricts virus
infection. Our starting point was that APOE played an important
role in lipoprotein or cholesterol transportation and metabolism.
APOE KO mice are dysregulated with systemic lipid metabolism
(33). Thus, the absence of APOE is likely to lead to an increased
cellular cholesterol/cholesterol derivative accumulation that is, in
some way, responsible for enhanced IAV infection. We determined
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Fig. 3. APOE-deficient mice exhibit enhanced IAV infection and severe disease pathology. (A) WT, ApoE”‘, and ApoE‘/' mice were infected with 1000 PFU of PRS,
and body weight was monitored. Each genotype of mice had 10 male and 5 female. (B) Survival rate of PR8-infected mice was detected. Each genotype of mice had nine
male and three female. (C) The lung weight from mice infected as in (A) was measured on day 5 after infection. Data were pooled from three independent experiments
with SD. (D) Representative images of infected lungs at day 5 after infection. (E) Pathology of lung from mice at day 7 after infection. Scale bars, 100 um. (F) NP and M1
mRNA in lungs of infected mice were determined by qRT-PCR, each dot represents data from one mouse, and data were pooled from three independent experiments
with SD. (G) Virus titers in lungs of infected mice at day 4 after infection were determined by plaque assay, each dot represents data from one mouse, and data were
pooled from three independent experiments with SD. (H) APOE expression in the lung was determined by Western blot, and each lane represents data from one mouse.
The data shown are representative of three independent experiments. (I) WT, ApoE"’~, and ApoE ™~ MEFs were infected with PR8 at an MOI of 10. NP* cells were assessed
by flow cytometry 12 hours after infection. Relative fold infection from four independent experiments with an SD was statistically analyzed. (J and K) The supernatant
from (I) was collected to determine v-RNA by qRT-PCR (J) or viral titer by plaque assay (K). Data are shown as means + SD from at least three independent experiments.

P values were determined using one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001.

cellular cholesterol levels in APOE KO cells and found that A549
APOE KO (Fig. 5E) or Huh7 APOE KO cells (fig. S8A) exhibit in-
creased levels of cholesterol when compared with WT A549 cells or
WT Huh?7 cells (Fig. 5E and fig. S8A). The accumulation of choles-
terol in APOE KO cells was further confirmed by filipin staining; a
reagent specifically binds to cholesterol ester (Fig. 5F). In addition,
APOE KO cells complemented with WT APOE exhibited comparable
cholesterol with that of WT cells (fig. S8B). As a consequence of cho-
lesterol accumulation, APOE KO displayed a decreased expression
of genes involved in cholesterol and fatty acid uptake [low-density
lipoprotein (LDL) receptor (LDLR) and CD36] and cholesterol syn-
thesis [hydroxyl methylglutaryl-coenzyme A (HMG-CoA) reductase

Gao etal., Sci. Adv. 8, eabm6668 (2022) 21 September 2022

(HMGCR) and 24-dehydrocholesterol reductase (DHCR24)] (fig.
S8C). In contrast, the level of cholesterol 25-hydroxylase (CH25H),
the enzyme that catalyzes cholesterol conversion to 25-OH, was
higher in APOE KO cells (fig. S8D). We observed increased IAV
membrane sialic acid (SA) receptor a-2,3-linked SA and 0-2,6-
linked SA distribution on the surface of A549 APOE KO cells com-
pared with that of WT cells (Fig. 5, G and I, and fig. S8E). Besides,
membrane SA receptor 0-2,3-linked SA and o-2,6-linked SA expres-
sion on the surface of MEF cells from WT, ApoE*~, and ApoE™~ mice
was also detected. We found that there is more SA receptor distribution
on the surface of both ApoE*~ and ApoE™~ MEF, and as expected,
the SA expression on ApoE” ~ MEF is intermediate compared with

60of 14


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017719118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017719118/-/DCSupplemental
https://pubmed.ncbi.nlm.nih.gov/22461740/
https://pubmed.ncbi.nlm.nih.gov/22461740/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017719118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017719118/-/DCSupplemental

SCIENCE ADVANCES | RESEARCH ARTICLE

*kk

APOE KO 30

27.1%

NP+ceIIs
>

o

=

APOE KO 007 _xawx

(%)
+H
SSC-A—>

L

77.9%

o

NP*cells (%)
N 45 (2] 5]

o

S
&
??
Cc
a
23 *
= c
= s, +
QL
£ A
1]
ol 2 B
L °>’o LU
g N
<B Q OQ’ <
o <
v
E H7N9 F
/_;8 * ~ §
o = © 110
S 8 2
= =4 T 100
D4 2 %
< < £ 9
T I>2 S
%2 = 2
> =3 2 80
Gl o TR o 3
& $ € B ianroeis & &
O PO Days after infection il
¥ ¥

Fig. 4. APOE broadly inhibit H5N1 and H7N9 IAV infection. (A and B) A549 WT and APOE KO cells infected with H7N9 (A) or H5N1 (B) at an MOI of 0.5 were collected
12 hours after infection and analyzed for NP* cells by flow cytometry. Data are shown as means + SD from at least three independent experiments. (C and D) A549 WT and
APOE KO cells infected as in (A) or (B) were used for immunofluorescence microscopy by staining the cells with NP antibody (left), and relative fold infection from
three independent experiments with SD was statistically analyzed (right). Scale bars, 100 um. (E) Virus titer of cell supernatant from (A) and (B) was determined using
chicken blood cell hemagglutination assay. Data are shown as means = SD from four independent experiments. (F) H7N9 was intranasally administrated to WT, ApoE*’",
and ApoE~~ mice with 2000 PFU per mouse, and body weights were measured daily. Data were pooled from three independent experiments with SD (WT, n=8; ApoE™~,
n=10; ApoE™~, n=10). (G) Lungs were collected on day 8 after H7N9 infection, and the lung weight was measured. Each dot represents data from one mouse, and data
were pooled from three independent experiments with an SD. P values were determined using Student's t test or one-way ANOVA followed by Tukey’s multiple-comparisons

test.*P < 0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001.

that of WT and ApoEf/f (Fig. 5, H and J). Collectively, these find-
ings supported the concept that modulation of cellular choles-
terol homeostasis by APOE plays a physiological role that affects
virus receptor distribution and regulates virus entry.

Dynamic regulation of cholesterol homeostasis by APOE
mediates cell resistance to virus infection

To determine whether the enhanced virus infection in APOE KO cells
was indeed due to increased cholesterol accumulation in the cell, we
next explored reducing cholesterol levels in APOE KO cells by knock-
ing down the gene encoding HMG-CoA reductase (HMGCR), an
enzyme involved in the cholesterol mevalonate biosynthetic pathway.
The HMGCR shRNAs with about 25 or 50% KD efficiency were
chosen (fig. S8F). HMGCR was knocked down in APOE KO cells to
obtain APOE KO/HMGCR KD cells. We detected cholesterol levels
or 0-2,3-linked SA and a-2,6-linked SA distribution in the APOE KO/
HMGCR KD cells. We found that both cholesterol levels (Fig. 6A)

Gao etal., Sci. Adv. 8, eabm6668 (2022) 21 September 2022

and a-2,3-linked SA or 0-2,6-linked SA distribution (Fig. 6, B and C)
in the APOE KO/HMGCR KD cell are comparable with that of
WT cells. These findings demonstrated that intracellular cholesterol
accumulation is responsible for the increased distribution of viral
receptors. We next infected WT, APOE KO, and APOE KO/HMGCR
KD cells with PR8 and then measured the frequency of virus-infected
cells and the v-RNA or viral particles in the supernatant of infected
cells as described above. We found that the frequency of virus-
infected cells (NP" cell or M2" cell) (Fig. 6D), v-RNA (Fig. 6E), or
infectious virus particles (Fig. 6F) in the supernatant of APOE
KO/HMGCR KD cell was significantly reduced compared with that
of APOE KO cells and was comparable to that of WT cells. Last,
virus attachment was examined in APOE KO/HMGCR KD cells.
We found the virus attachment was decreased significantly in
KO/HMGCR KD cell than that of APOE KO cell but comparable
with that of WT cells (fig. S8G). These results thus provided strong
evidence demonstrating that cholesterol accumulation resulting
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Fig. 5. APOE deficiency affects viral attachment and regulates the distribution of viral receptors on the cell surface. (A and B) HEK293 (A) and A549 (B) WT and
APOE KO cells were infected with pseudovirus. Virus entry was detected by luciferase activity. Data are shown as means + SD from at least three independent experiments.
(€) Viral attachment in WT and APOE KO A549 or Huh?7 cells was determined by qRT-PCR. Relative v-RNA level from three independent experiments with SD was statistically
analyzed. (D) WT and APOE KO A549 cells were pretreated with sialidase and infected as in (C). Viral attachment was determined by qRT-PCR. Relative v-RNA level from
three independent experiments with SD was statistically analyzed. (E) Total cellular cholesterol in WT or APOE KO A549 cells was detected by an Amplex Red Cholesterol
assay. Data are shown as means + SD from at least three independent experiments. (F) Filipin staining was detected in A549 WT or APOE KO cells by confocal microscopy,
and representative images are shown (scale bars, 20 um) and are representative of at least three independent experiments. (G and H) A549 WT and APOE KO cells (G) and
WT, ApoE*™~, and ApoE ™~ MEFs (H) were stained with 0-2,3-linked SA or 0-2,6-linked SA and detected by confocal microscopy. Scale bars, 10 um. Data are representative
of at least three independent experiments. (I and J) Mean fluorescence of a-2,3-linked SA or a-2,6-linked SA in A549 (I) and MEF cells (J) from (G) and (H) was calculated
by ImageJ. Data are shown as means + SD from at least three independent experiments. P values were determined using Student’s t test or one-way ANOVA followed by
Tukey’s multiple-comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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from APOE deletion is a crucial contributor to enhanced virus in-
fection in APOE KO cells.

DISCUSSION

Although many host factors have been identified for modifying IAV
infection, many factors remain to be found and less understood.
Here, we executed a unique genetic screening using the PR/8/NS1-GFP
reporter virus as a screening marker and identified APOE as an im-
portant host factor restricting IAV infection. APOE deficiency con-
ferred increased human influenza virus HIN1 and high pathogenic
avian influenza virus H5N1 and H7N9 infection in vitro and in vivo.
Because one of the functions of APOE is to regulate cellular choles-
terol homeostasis, our findings established that such homeostasis
plays a critical role in inhibiting virus infection. A recent report
identified cholesterol regulation as an important regulator of severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entry and/
or replication by the CRISPR-Cas9 screening (34-36).

Genome-wide CRISPR-Cas9 screening has been widely used to iden-
tify vital host factors for IAV replication (18, 20-22). Most of these studies
rely on cell survival or cell death as an end point to select essential genes
for IAV replication. The limitation of this strategy is that it can only
find factors essential for viral infection, but it could not find factors
that inhibit IAV infection. Using GFP as a selection marker, we can
enrich a live GFP relative high cell population in which IAV infection
was potentially enhanced when certain genes were KO. We success-
fully enriched several well-known and important host factors that restrict
IAV infection, such as MX1, interferon lambda receptor 1 (IFNLR1),
OAS1, and IFITM3, suggesting that our strategy successfully screened
host factors that limit IAV infection. We found APOE was on the top
screening rank, and our series study demonstrated that APOE plays a
critical role in anti-IAV infection both in vitro and in vivo.
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Fig. 6. Dynamic regulation of cholesterol homeostasis by APOE mediates cell resistance to virus infection. (A) Total cellular cholesterol in WT, APOE KO, and APOE
KO/HMGCR KD A549 cells was detected by an Amplex Red Cholesterol assay. Data are shown as means + SD from at least three independent experiments. (B) A549 WT,
APOE KO, and APOE KO/HMGCR KD cells were stained with 0-2,3-linked SA or 0-2,6-linked SA and detected by confocal microscopy. Data are representative of at least

three independent experiments. Scale bar, 10 um. (C) Mean fluorescence of 0-2,3-

linked SA or 0-2,6-linked SA in (B) was calculated by ImageJ. Data are shown as

means + SD from at least three independent experiments. (D) A549 WT, APOE KO, and APOE KO/HMGCR KD cells were infected with PR8 at an MOI of 0.5, and NP* or M2*
cells (left) were analyzed by flow cytometry 12 hours after viral infection. The relative fold infection from three independent experiments with SD was statistically analyzed
(right). (E and F) Supernatant from the A549 WT and APOE KO cells and APOE KO/HMGCR KD cells infected as in (D) was collected, and the v-RNA was quantified by qRT-PCR (E)
or viral titer by plaque assay (F). Data are shown as means + SD from at least three independent experiments. P values were determined using one-way ANOVA followed
by Tukey’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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APOE was initially described as a lipid transport protein and
major ligand for LDL receptors with a role in cholesterol metabo-
lism and cardiovascular disease. APOE is a component of certain
plasma lipoproteins and mediates lipoprotein catabolism in the liver,
mainly by binding the very-low-density lipoprotein (VLDL) receptor
and the LDL receptor, on the hepatocyte surface (37, 38). APOE defi-
ciency is associated with a decreased catabolism of atherogenic lipo-
proteins, thus favoring hypercholesterolemia and atherosclerosis
development (39, 40). APOE is known to be involved in the patho-
genesis of infectious diseases for virus infection. For example, APOE
is required for infectivity and infectious viral particle production of
HCV (41). APOE KO mice had significantly lower herpes simplex
virus-1 concentrations in the nervous system than WT mice (42),
suggesting that APOE is an essential component promoting these
virus replications or replications infection. In contrast, and distinct
from the above findings, APOE inhibits HIV infection by directly
interacting with HIV gp160 and suppresses Env expression (43). Here,
we found that APOE restricted IAV infection through modulating
cell cholesterol homeostasis, which added a mechanism of APOE in
limiting virus infection. Moreover, our data indicated that SARS-CoV-2
infection was greatly increased in APOE KO Huh?7 cells and that the
effect of APOE on SARS-CoV-2 infection is more marked than that
of on IAV infection (fig. S9A). It is well established that APOE is
involved in cholesterol homeostasis as part of the lipoprotein sys-
tem that facilitates the transport of triglycerides and cholesterol be-
tween the liver and peripheral organs through the blood. In our study,
APOE KO cells exhibited increased cholesterol accumulation com-
pared with WT cells, suggesting that APOE might also play a role
in maintaining cholesterol homeostasis at the cellular level. This ob-
servation is supported by the findings that APOE KO dendritic cells
isolated from APOE KO mice also exhibited increased cholesterol
in the cell (44).

Our studies of the mechanisms underlying the role of APOE in
virus infection focused on identifying the stages of the viral life cycle.
We showed that APOE restrains viral attachment to the cell. These
studies set the second round of mechanistic studies focused on how
APOE affects viral attachment. We showed that, as predicted by
previous studies of apolipoprotein function, APOE regulates cho-
lesterol homeostasis of the cells so that cells depleting these compo-
nents manifested increased cholesterol concentrations in the cell. It
is known that 70 to 80% of cholesterol is mainly located in the cell
membrane (45), and cholesterol is a crucial constituent of the lipid
rafts in the cell membrane that mediates membrane signaling (44).
Thus, cholesterol has particular significance to the viral attachment.
About the latter, we showed that APOE-deleted cells exhibit an
increased surface distribution of IAV receptor SA. Although our
high-resolution confocal microscopy data did not allow the identi-
fication of receptor clustering on APOE KO cells, this is predicted
to occur in the presence of increased membrane cholesterol on the
basis of the work of Goronzy et al. (46) and Liu and Boxer (47).
However, it should be noted that the precise mechanisms connecting
APOE, cholesterol, and changes in SA surface density remain un-
clear. Last, because cholesterol is important for many steps of the
viral replication cycle, we cannot exclude the possibility that APOE
may affect IAV infection other than the attachment step; that is,
APOE might affect the intracellular transport of viral glycoproteins,
assembly of virus particles, etc.

Influenza infection can cause increased inflammation in the vessel
walls of APOE-deficient mice at plaque sites and thrombotic events.

Gao etal., Sci. Adv. 8, eabm6668 (2022) 21 September 2022

We are aware of previous studies on this phenomenon (48). It should
be noted that these effects of infection have been conducted in old
ApoE™"™ mice to maximize visualization of effects on preexistent
atherosclerosis. However, our studies were conducted on 8-week-old
heterozygous and homozygous mice with minimal atherosclerosis.
The pulmonary architecture of these mice before infection was equiv-
alent to that of WT mice, except that the macrophage and neutro-
phil decreased significantly in ApoE™~ but not ApoE"™~ mice, and
bleeding into tissue was also normal at this time. Increased bleeding
and inflammation in ApoE"”~ and ApoE '~ mice were seen only after
infection. However, it should be noted that basal cholesterol/lipid
accumulation in ApoE~~ mice (fig. S6E) may also contribute to the
disease severity and survival in ApoE~~ mice.

The antiviral function of APOE in our studies may have import-
ant clinical implications in that during the HIN1 pandemic. Patients
with obesity were associated with an increased risk of influenza-
associated intensive care and longer mechanical ventilation duration
than nonobese (49). This observation is consistent with our findings
that accumulated cholesterol increased IAV virus infection. It is
known that influenza virus infection was associated with an increased
risk of acute cardiovascular diseases, and during the flu season,
hospital admissions due to acute exacerbations of various chronic
diseases such as cardiovascular atherosclerotic disease are greatly
increased (50-52), which may be caused (at least in part) by covert
influenza infection in atherosclerotic plaque. The finding support-
ing the latter is that arterial segments associated with atherosclerotic
plaques contained HIN1 and H3N3 influenza v-RNA, whereas seg-
ments free of plaques do not (53). Thus, the observations of APOE
influencing IAV infection introduce the possibility that preexist-
ing abnormalities of apolipoprotein/cholesterol metabolism may
lead to local (endothelial) virus infection changes and thus regulate
local inflammatory responses that enhance or inhibit the develop-
ment of the disease. In summary, we identified APOE as an anti-
viral host factor and established that APOE functions as a defense
strategy against IAV infection through regulating cellular choles-
terol homeostasis.

MATERIALS AND METHODS

Cells and viruses

Human lung epithelial cells (A549), human hepatoma cells (Huh?7),
HEK (HEK293) cells, and MDCK cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS; HyClone), penicillin (100 U/ml), and
streptomycin (100 ug/ml) (Invitrogen). MEF cells were obtained by
breeding ApoE"~ x ApoE"™ mice to generate WT, ApoE*", and
ApoE™"~ embryos, and MEF cells derived from the embryo at day 13.5
were prepared as described previously (17). All cells were cultured
at 37°C in a 5% CO; humidified atmosphere.

The IAV strains used were PR8 (A/Puerto Rico/8/1934, HIN1),
PR/8/NS1-GFP (A/NS1-GFP/PR8 H1IN1), low pathogenic version
of H5N1 (A/Vietnam/1203/2004 VN04Low), and H7N9 (LPAI A/
Anhui/2013). The virus was amplified using 10-day-old embryonic
chicken eggs and then titrated by determining log;(PFU/ml on
MDCK cells or determining total virus particle with chicken
hemagglutination test.

HI1N1 experiments were performed in a biosafety level 2 (BSL-2)
laboratory according to the protocol; all experiments with H5N1
and H7N9 virus were performed in a BSL-3 laboratory.
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Mice

ApoE™"~ mice were purchased from the Jackson Laboratory on a
C57BL/6] background and were bred to generate WT, ApoE™"~, and
ApoE™"" mice. All in vivo experiments were performed using age- and
sex-matched littermate controls. Studies were carried out under
animal care guidelines of the Institute of Microbiology, Chinese
Academy of Science with license permit number of APIMCAS2017015.

A549-GeCKO library generation and HIN1

(PR/8/NS1-GFP) screening

A high-throughput CRISPR-Cas9-based screening was undertaken
on an arrayed library (Addgene, cat. no. 1000000048) as previously
reported (54) and was used to identify host factors against AV
infection. Briefly, to amplify the library, 2 ul of library DNA (50 ng/ul)
was used to transform 25 ul of electro-competent Escherichia coli
(TaKaRa). Transformed colonies (>6 x 107) were scraped off from
the Luria-Bertani plates into the medium, and plasmids were ex-
tracted. To prepare the virus library, 293 T cells in the 15-cm dish
were transfected with 25 ug of library DNA together with 15 pg of
psPAX2 and 10 ug of pMD2.G. After 8 hours, 10 ml of complete
medium (DMEM with 10% FBS; Invitrogen) was replaced, and the
lentivirus supernatant was collected 48 hours after transfection. The
supernatant was filtered with a 0.45-um filter, and the viral titer was
determined by plaque assay as described previously (55).

The sgRNA lentivirus library was then used to transduce A549 cells
cultured in 15-cm dishes (10 dishes in total) at an MOI of 0.3 to
obtain less than one sgRNA per cell (Fig. 1A, step 1), and puromycin
(2 pg/ml) was used for 14 days to obtain whole genome-wide KO
A549 cells (A549-GeCKO cells) (Fig. 1A, step 2) (56, 57). Half of the
A549-GeCKO cells (15 dishes) were directly used for DNA extraction and
sgRNA sequencing (Fig. 1A, step 3). The other half of the A549-GeCKO
cells (15 dishes) were subjected to infection with the PR/8/NS1-GFP
reporter virus at an MOI of 0.3 for 3 hours and incubated for anoth-
er 8 hours, after which GFP" cells among live cells were sorted on
Biosciences FACSAria II (Fig. 1A, steps 4 to 7). The live infected
GFP" cells were sorted in the BSL-2 laboratory. The BD FACSAria I
sorter was placed in a hood that the ceiling was mounted with a ducted
hepa filter unit to protect users from aerosols generated during sort-
ing. The rest of the five 15-cm culture dishes of the A549-GeCKO cells
were left uninfected and used as control. DNA from the sorted GFP"
cells and control cells (uninfected A549-GeCKO cells) was extracted
and dissolved in H,O (3 to 4 ug/ul) and used as the templates for
amplification of the gRNA. sgRNAs in sorted GFP" cells and con-
trol cells (A549-GeCKO cell without infection) were barcoded, ampli-
fied by PCR, and deep sequenced (Fig. 1A, step 8).

The sgRNAs were amplified using the rTaq DNA polymerase
(TaKaRa Taq R001B) by a two-step PCR method. First, six 50-ul
PCRs (each containing 50 pg of genomic DNA template) were per-
formed with the forward primer v2Adaptor_F (sequence listed in
table S2) and the reverse primer v2Adaptor_R (sequence listed in
table S2); products of the first-step PCR were pooled together and
used as the template for the second-step PCR. For the second step,
six 50-ul PCRs (each containing 1 pl of the first-step PCR product)
were performed with primer IlluminaF-01/02 and primer Illumina
R-01/02 (primer 01 for the control group and primer02 for GFP*
group, sequence listed in table S2). Products of the second-step PCRs
were subjected to electrophoresis, and the DNA [around 310-base
pair (bp) band] was extracted and sequenced at the HiSeq 2500
instrument (Illumina) by using the 50-bp single-end sequencing

Gao etal., Sci. Adv. 8, eabm6668 (2022) 21 September 2022

protocol. The first 19 nucleotides from each sequencing read are the
gRNA sequence recovered from the library. The fold of enrichment
was calculated by comparing the read frequency of each sgRNA in
the experiment sample with that in the control sample (table S1).

Enrichment of functions and signaling pathways analysis was
performed on the basis of GO by Metascape online analyses. For
functional enrichment analysis, all enriched genes were mapped
to terms in the GO databases, and then, significantly enriched GO
terms were searched for using P < 0.05 as the threshold.

Virus infection and viral titer detection

For virus infection, cells were washed with phosphate-buffered
saline (PBS) twice and infected with HIN1 (PR8), H5N1, or H7N9
with different MOIs as indicated in the figure legends. The virus was
diluted in DMEM without FBS, and viral infection was performed
for 1 hour at 37°C. After viral removal, the cells were washed with
PBS twice and cultured in 2% FBS DMEM unless otherwise men-
tioned. Twelve hours after infection, the cells were collected for flow
cytometry analysis or immunofluorescence.

For viral titer plaque assay (PFU) or v-RNA determination, DMEM
with 0.75% bovine serum albumin (BSA; VWR Life Science, no. 0332)
were used as a culture medium after virus removal. Viral supernatant
was harvested 12 hours after infection, and plaque assays were per-
formed on MDCK cells to titrate virus titer as described previously
(55). The v-RNA in cell supernatant was detected by qRT-PCR. For
H5N1 and H7N9 viral titer detection, total titer of the virus was
measured by HA assay (58). In particular, fresh chicken red blood
cells were set at 2 x 10" cells/ml. HA titers were expressed as log;(HA
units per test volume (log;o0HAU/100 pl). Assuming one chicken red
blood cell being sufficient for the agglutination of one virus particle,
HA titers could be converted into concentration of total viruses.

For mouse infection, 8-week-old mice that were gender-matched
were intranasally infected with HIN1 PR8 in 50 pl of PBS with 1000
PFU for body weight loss or survival or with 2000 PFU for virus titer
detection in lungs at day 4 after infection.

Generation of shRNA KD cell line

APOE, IFITM3, MX1, or HMGCR KD A549 cells or Huh7 cells were
constructed by using shRNA. Briefly, scramble shRNA sequence
and shRNA sequence targeting the human APOE, IFITM3, MX1, or
HMGCR gene (shRNA sequences are listed in table S3) were cloned
into PLKO.1 lentiviral vector and applied for producing lentivirus
on HEK293 cells. A549 or Huh7 cells were then infected with the
scramble or target gene lentivirus. After 48 to 60 hours after infec-
tion, puromycin (2 pg/ml) was added to obtain stable KD cells. KD
efficiency was confirmed by either qRT-PCR or Western blot.

Generation of APOE KO cell lines using the

CRISPR-Cas9 system

APOE KO A549, Huh7, or HEK293 cells were generated by using
the CRISPR-Cas9 system. The two sgRNAs are located in exons 1
and 2 of the APOE gene. The sgRNA sequence targeting the human
APOE gene (sgRNA sequences are listed in table S4) was cloned into
alentiCRISPR v2 vector and applied for producing lentivirus. A549,
Huh7, or HEK293 cells were infected with the lentiCRISPR v2
lentivirus. After 48 to 60 hours after infection, the single-cell clones
acquired by using the limiting dilution method were expanded, and
the KO of APOE was confirmed by either DNA sequencing or
Western blot. Clones without any mutation were used as a control.
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APOE plasmid construction

APOE-coding plasmid was obtained from Addgene and confirmed
by sequencing. ApoE sequence was amplified by APOE gene-specific
primers (listed in table S2) from the plasmid and cloned into FUIPW
lentiviral vector. The cloned fragment was fully sequenced and con-
firmed (RefSeq NM_001302691).

Flow cytometry and immunofluorescence microscopy
For flow cytometry analysis, virus-infected cells were collected, fixed,
and permed with 2% paraformaldehyde (PFA)/0.1% saponin for
10 min. Then, the cells were stained with the indicated primary
antibody diluted in 0.1% saponin/PBS for 40 min at 4°C. The cells
were washed with PBS and then stained with secondary antibody
[Alexa Fluor 488/647 goat anti-rabbit/mouse immunoglobulin G
(IgG) diluted in 1% BSA-PBS] at 4°C for 40 min. After washed with
PBS, the cells were analyzed on FACSCanto II (BD Biosciences).
For immunofluorescence microscopy analysis, cells were grown
on glass coverslips and infected with the virus. The cells were then
fixed in 3.7% formaldehyde-PBS for 15 min and permeabilized with
0.2% Triton X-100-PBS containing 4’,6-diamidino-2-phenylindole
(1 mg/ml) for 10 min. The cells were then blocked by 1% BSA-PBS
for 30 min and incubated with primary antibody for 2 hours at
room temperature. The cells were washed three times with PBS
and stained with secondary antibody (Alexa Fluor 488/647 goat
anti-rabbit/mouse IgG diluted in 1% BSA-PBS) at room tempera-
ture for 1 hour and again washed three times with PBS. The cover-
slips were mounted with mounting medium and then imaged
by confocal microscopy (LSM700). Image-Pro was used to count
NP- or HA-positive cells, and more than three fields of view (>200
cells) were counted. The percentage of positive cells in all counted
fields was calculated.

RNA isolation and qRT-PCR

For qRT-PCR, cells were lysed with TRIzol reagent (Invitrogen), and
total RNA was extracted according to the manufacturer’s instructions
from cells, supernatant, or lung tissues of mice. The cDNA was gen-
erated using a high-capacity cDNA reverse transcription kit (Applied
Biosystems) with random primers for host genes, IAV v-RNA (from
M fragment) or IAV NP or M1 mRNA (primer sequences are listed
in table S2). qRT-PCR was performed with technical duplicates using
gene-specific primers and SYBR Green PCR Master Mix (Applied
Biosystems). Delta cycle thresholds were calculated using hypoxanthine
guanine phosphoribosyltransferase (HPRT) as the endogenous
housekeeping gene control.

Pseudovirus entry assay

The pseudovirus assay was performed as below. Briefly, pseudovirus
were produced by cotransfection of HEK293 cells with 6 pug each
of pCAGGS-NA, pEWSN-HA, and HIV-pNL-Luc. At 8 hours after
transfection, cell medium was replaced with DMEM supplemented
with 10% FBS. After another 48 hours, cells and supernatants were
all collected and frozen at —80°C for 1 cycle of freeze and thaw. The
virus was aliquoted and stored at —80°C after filtered with a 0.45-um
filter. For pseudovirus infection, cells were infected with virus
supernatant for 1 hour and then replaced with DMEM with 10%
FBS and incubated for another 48 hours. The cells were then washed
with PBS twice and lysed with passive lysis buffer (PLB) (Promega,
E1941) for 20 min. The supernatant was used to detect lucifer-
ase activity.
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Viral attachment assay

For virus attachment, A549 and Huh7 cells were infected with the
PRS for 1 hour at 4°C. Then, the cells were washed three times with
cold PBS to remove the unbound virus. The virus attachment was
determined by qRT-PCR (59).

Acid bypass assays

Entry assays were performed by incubating WT and APOE KO
A549 cells with PR8 at an MOI of 0.1 in virus growth medium at
4°C for 1 hour followed by washing with cold PBS to remove un-
bound virus. Acid bypass assays were modified from previous ap-
proaches (27, 60). Following viral binding, cells were incubated in
low-pH fusion buffer [50 mM citrate (pH 5.0) and 154 mM NaCl]
or mock-treated with pH 7 buffer [20 mM Hepes (pH 7.4) and
154 mM NacCl] for 2 min at 37°C and washed with cold PBS. Last,
prewarmed virus growth medium supplemented with 1 mM cyclo-
heximide was added, and the cells were incubated at 37°C for
2.5 hours. Viral fusion was quantified using RT-PCR.

Minireplicon assay by immunoblot and luciferase
reporter assay
Minireplicon assay was used to measure the polymerase activity.
HEK293 WT and APOE KO cells were cotransfected with pPCDNA3.1
plasmids encoding PB1, PB2, PA, and NP, as well as a POLI-driven
RNA expression plasmid encoding the HA v-RNA segment. HA ex-
pression was detected by immunoblot 24 hours after transfection.
In addition, a dual-luciferase reporter assay system (Promega)
was also used to compare the activities of viral RNP complexes.
Briefly, the luciferase reporter plasmid pPolNP-Luc and the internal
control plasmid Renilla were transfected into WT and APOE KO
HEK?293 cells together with the four protein expression plasmids
pcDNA3.1-PB2, pcDNA3.1-PB1, pcDNA3.1-PA, and pcDNA3.1-NP.
Cell lysates were analyzed 36 hours after transfection to measure
firefly and Renilla luciferase activities.

Histological staining

One longitudinal section was obtained from each pair of lungs, fixed
in 4% PFA, wax-embedded, sectioned, and stained with hematoxylin
and eosin. Bleeding was scored semiquantitatively: 0, absent; 1,
minimal; 2, mild; 3, moderate; and 4, marked.

Immunoblot

For immunoblot, cells were washed in PBS and subjected to lysis
buffer [20 mM tris-HCI (pH 7.4), containing 150 mM NaCl,
0.5% (v/v) NP-40 10% (w/v) glycerol, 50 mM NaF, 1 mM NazVOy,
1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and com-
plete protease-inhibitor “cocktail” (Roche)] on ice for 45 min. The
lysate was obtained after centrifugation, and the protein concentra-
tion was determined by the Bradford method. The cell lysate was
subjected to SDS—polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes, blocked by PBS contain-
ing 5% nonfat dry milk and 0.1% Tween 20 for 1 hour at room tem-
perature. The blocked membranes were then probed by incubation
with antibodies against APOE (Cell Signaling Technology, 13366s),
NP (Medix Biochemica, no. 100083), HA (GeneTex, GTX127357),
and Actin (Santa Cruz Biotechnology, sc-47778) at 4°C overnight.
After incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody for 1 hour at room temperature, the proteins
were visualized by enhanced chemiluminesence (Thermo Fisher
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Scientific). Blot bands were quantified by Image] and represented
the intensity normalized to actin or tubulin.

Cholesterol detection and filipin staining

The total cellular cholesterol was quantified using an Amplex Red
cholesterol assay kit (Invitrogen A12216). Briefly, 5 million A549 cells
or 2 million Huh?7 cells were collected and washed three times with
PBS, then the cell was diluted in 1x reaction buffer, and a volume of
50 ul was used for each reaction. Samples and controls were pipetted
into separate wells of a microplate followed by adding 50 ul of Amplex
Red reagent/HRP/cholesterol oxidase/cholesterol esterase working
solution. After 30 min of incubation at 37°C protected from light,
the samples were measured in a fluorescence microplate reader using
an excitation of 540 nm.

Filipin staining was performed by using a cholesterol detection
kit (Abcam, 133116). Briefly, the A549 cells were fixed with 3% PFA
for 1 hour at room temperature and rinsed three times with PBS. A
total of 1.5 mg of glycine/ml of PBS was then used to quench the
PFA for 10 min. The cells were then stained with filipin at working
solution (0.5 mg/ml) for 2 hours and then imaged by confocal
microscopy (LSM700).

SA detection

A549 cells and MEF cells were used for SA staining and analyzed by
immunofluorescence microscopy. The cells on the coverslips were
first fixed with 4% formaldehyde for 10 min and blocked with block-
ing buffer. The cells were then stained with biotinylated Maackia
amurensis lectin II (10 pg/ml) (which preferentially recognizes a-2,3-
linked SA; Vector Laboratories) or with biotinylated Sambucus nigra
lectin (5 pg/ml) (which preferentially recognizes a-2,6-linked SA;
Vector Laboratories) for 2 hours, and then, the cells were washed
three times with PBS and stained with 0.2 ul (in 20 pl of staining
buffer) of allophycocyanin-conjugated streptavidin (BD Biosciences)
for an additional 1 hour. The cells were washed three times with
PBS. The coverslips were mounted with mounting medium and
imaged by confocal microscopy (LSM700). The mean fluorescence
of a-2,3-linked SA or 0-2,6-linked SA was calculated by Image].

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5. Statistical
significance was determined by two-tailed unpaired Student’s ¢ test
or one-way/two-way analysis of variance (ANOVA), and P values <
0.05 are considered significant and denoted as *P < 0.05, **P < 0.01,
and ***P < 0.001. Nonsignificant values are denoted as ns.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm6668

View/request a protocol for this paper from Bio-protocol.
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