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Flaviviruses such as Zika virus and West Nile virus have the poten-
tial to cause severe neuropathology if they invade the central ner-
vous system. The type | interferon response is well characterized
as contributing to control of flavivirus-induced neuropathogene-
sis. However, the interferon-stimulated gene (ISG) effectors that
confer these neuroprotective effects are less well studied. Here,
we used an ISG expression screen to identify Shiftless (SHFL,
C190rf66) as a potent inhibitor of diverse positive-stranded RNA
viruses, including multiple members of the Flaviviridae (Zika, West
Nile, dengue, yellow fever, and hepatitis C viruses). In cultured
cells, SHFL functions as a viral RNA-binding protein that inhibits
viral replication at a step after primary translation of the incoming
genome. The murine ortholog, Shfl, is expressed constitutively in
multiple tissues, including the central nervous system. In a mouse
model of Zika virus infection, Shfl~’~ knockout mice exhibit
reduced survival, exacerbated neuropathological outcomes, and
increased viral replication in the brain and spinal cord. These stud-
ies demonstrate that Shfl is an important antiviral effector that
contributes to host protection from Zika virus infection and virus-
induced neuropathological disease.
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lavivirus infections contribute a significant human health

burden. Historically prominent flaviviruses such as dengue
(DENYV) and yellow fever virus (YFV) have infected millions
of humans, with DENV being responsible for 100 million symp-
tomatic cases yearly and YFV causing 130,000 severe cases
yearly (1). In addition, emerging and reemerging viruses cause
periodic but potentially devastating outbreaks. Of particular
concern are neurotropic flaviviruses, which may cause lifelong
sequelae and disability even in survivors. Neurologic manifesta-
tions of flavivirus infections include Guillain—Barré syndrome,
microcephaly and congenital Zika syndrome (CZS), meningo-
encephalitis, and acute flaccid paralysis. In 1999, West Nile
virus (WNV) emerged in North America, and in 2012 alone,
5,674 cases were diagnosed in the United States, of which 51%
were neuroinvasive (2). The 2015 to 2016 reemergence of Zika
virus (ZIKV) and microcephaly devastated many Latin Ameri-
can countries, and the impact of CZS is still manifesting. While
these outbreaks are currently quiescent, the timing of reemer-
gence or the potential for flaviviruses such as Usutu or Powassan
to emerge and cause epidemics is unknown.

Despite the severe pathologic consequences noted above, most
flavivirus infections in humans do not result in life-threatening
disease, in large part due to a highly effective immune system
that controls viral replication and thus limits pathology. Host
immune responses to flaviviruses are mediated by both innate
and adaptive immune responses, with the interferon (IFN)
response providing critical protection against these viruses
(3-9). The IFN response controls viral infection in part through
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the action of interferon-stimulated gene (ISG) products, many
of which have direct antiviral effector activities. Of the hun-
dreds of known human ISGs, a small number have been shown
to inhibit flaviviruses, including CH25H, IFIT2, IFITM3, IFI6,
OAS1/RNasel,, PKR, RTP4, TRIMS5-a, and viperin (6, 7,
10-18). For some of these effectors, insight into mechanisms of
action has been obtained, and several have been validated as
antiflavivirus effectors by gene knockout (KO) in vivo. The
mouse ISGs that have been knocked out and tested in flavivirus
pathogenesis models include Ifit2, Ifi2712a, Ifitm3, Oaslb, Rna-
sel, Pkr, and viperin (6, 19-24). In this study, we examine the
role of another ISG, Shiftless (SHFL, formerly C190rf66) that
has been shown in previous studies to inhibit diverse viruses in
cell culture, including neurotropic flaviviruses (25-28). We pre-
sent a cell-based ISG screen that identifies SHFL as antiviral
against multiple positive-strand RNA viruses. We demonstrate
that SHFL targets viral replication at a step after primary trans-
lation of the incoming viral genome. We additionally used Shfl
KO mice to demonstrate that this effector has neuroprotective
effects in a ZIKV pathogenesis model.

Significance

Flaviviruses are significant human pathogens and emerging
infectious disease threats. A screen of interferon-inducible
genes revealed Shiftless (SHFL) as a potent antiviral effector,
inhibiting all Flaviviridae tested, including West Nile, Zika,
dengue, yellow fever, and hepatitis C viruses. Mechanistic
studies showed that SHFL inhibits viral replication at a point
after translation of the incoming genome. In whole-body
Shfl knockout (KO) mice, compared to wild-type mice, the
Shfl KO mice were more susceptible to Zika virus. Notably,
Shfl was uniquely required for controlling replication in the
brain and spinal cord, demonstrating an unappreciated neu-
roprotective role for this effector in vivo. SHFL is a key anti-
viral effector that specifically inhibits flavivirus genome
replication, and Shfl protects mice from Zika virus-induced
neuropathogenesis.
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Fig. 1. SHFL is an ISG that suppresses the Flaviviridae. (A) Cells coex-
pressing an ISG and RFP were infected with WNV-GFP. Plotted are the
mean percentages of GFP-positive (virally infected) in RFP-positive (ISG-
expressing) cells of two biologic replicates (Screen |, x-axis and Screen |I,
y-axis), relative to control (Fluc). (B) SHFL expression in IFN-treated (100
U/mL) Huh7.5 cells as assessed by qRT-PCR (Top) and Western blot (Bot-
tom). (C) YFV-17D-Venus infectivity as assessed by flow cytometry (Top)
in IFN-treated U20S cells pretreated with siRNA targeting SHFL or a
nonsilencing control, with SHFL expression assessed by qRT-PCR (Bot-
tom). (D) Infectivity of diverse viruses in cells stably expressing SHFL or
vector control, quantified by flow cytometry. (E) Infectivity of ZIKV
strains (MOI 1) in Huh7.5 cells stably expressing SHFL or empty vector
control, quantified by flow cytometry. *P < 0.05; **P < 0.01; ***P <
0.001. (F) Viral titers in supernatants of Huh7.5 cells stably expressing
SHFL or control and infected with YFV-17D at MOI 0.1. Bars indicate the
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Results

In previous screens to identify antiviral ISGs, we used lentiviral
vectors for ISG delivery (11, 14, 29). However, 52 of the 387
genes in our library could not be efficiently packaged into lenti-
viral pseudoparticles. To assess the antiviral potential of these
genes, we transiently transfected tissue culture cells with a plas-
mid coexpressing an ISG and a red fluorescent protein (RFP)
in a one-gene to one-well format (SI Appendix, Table S1). Fire-
fly luciferase (Fluc) and IRF1 were included as negative and
positive controls, respectively. We infected ISG-expressing cells
with a GFP-expressing WNV and measured infectivity in RFP-
positive cells by flow cytometry. Several genes known to have
antiviral activity when ectopically expressed were identified,
including EIF2AK?2, IFIH1, and SAT! (encoding PKR, MDAS,
and spermidine/spermine N1-acetyltransferase 1, respectively).
SHFL, a more recently identified antiviral ISG, also exhibited
potent antiviral activity against WNV (Fig. 14 and SI Appendix,
Table S1).

SHFL (formerly C190rf66, also named RyDEN, IRAYV,
FLJ11286) is a 291 amino acid protein that has been described
as an antiviral ISG that inhibits replication of flaviviruses,
alphaviruses, and retroviruses (25-28, 30, 31). SHFL is con-
served as an ISG across mammals, and we confirmed it as an
ISG in Huh7.5 human hepatoma cells (Fig. 1B) (32). To assess
the role of SHFL as an IFN-induced antiviral gene, we used
small interfering RNA (siRNA)-mediated gene silencing and
found that the antiviral effects of IFN-a against YFV were par-
tially abrogated in cells with reduced SHFL expression (Fig.
1C) (32). We next assessed antiviral specificity by screening a
variety of positive-sense and negative-sense RNA viruses in
cells ectopically expressing SHFL (Fig. 1D). We infected cells
with positive-sense RNA viruses including the flaviviruses
WNV, ZIKV, DENV, and YFV, the hepacivirus hepatitis C virus
(HCV), the arterivirus equine arteritis virus (EAV), the picor-
navirus coxsackie B3 virus (CVB3), and the alphaviruses Vene-
zuelan equine encephalitis virus (VEEV), Sindbis virus
(SINV), and O’nyong’nyong virus (ONNV). SHFL expression
suppressed each of these viral infections compared to control
cells stably expressing an empty vector. SHFL most potently
inhibited viruses of the Flaviviridae family, including WNV,
YFV, DENYV, and ZIKYV, as well as the related HCV. Other
positive-sense RNA viruses EAV, CVB3, VEEV, SINV, and
ONNYV were inhibited, albeit to a lesser degree. SHFL did not
inhibit the endemic human coronavirus OC43 (HCoV-OC43),
the zoonotic coronavirus SARS-CoV-2, or five negative-sense
RNA viruses, including vesicular stomatitis virus (VSV), parain-
fluenza virus 3 (PIV3), respiratory syncytial virus (RSV), measles
(MV), or influenza virus (IAV). A strong antiviral phenotype was
observed with ZIKV using a reporter MR766-Venus (Fig. 1D),
and the phenotype was similar in nonreporter strains of African
and Asian lineages, MR-766, Dakar 41519, Pernambuco (PB-81),
and PRVABC59 (Fig. 1E). Additionally, in plaque assays, SHFL
reduced YFV production by over 10-fold as compared to control
cells (Fig. 1F).

We next sought to determine which viral replication step was
inhibited by SHFL. We first performed an infection time course
using a reporter HCV expressing Gaussia luciferase (Gluc)
(HCV-Gluc). At early time points postinfection (4, 6, and 8 h),
Gluc levels were similar in both control and SHFL-expressing
cells, suggesting that early steps of viral entry and primary
translation were not affected. Conversely, Gluc levels at later
time points (24 and 48 h) were significantly reduced in SHFL-

mean + SD of n = 2 biological replicates (D: WNV, DENV, HCV, ONNV,
RSV), n = 3 biological replicates (B-D: YFV, ZIKV, EAV, CVB, SINV, OC43,
CoV2, VSV, PIV3, MV, and IAV; E and F), or n = 4 (E: VEEV).
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Fig. 2. SHFL inhibits the replication phase of the Flaviviridae and binds viral RNA. (A) Huh7.5 cells stably expressing SHFL or vector control and infected
with HCV-Gluc. Supernatants were collected at time points shown and assessed by luciferase assay. (B-D) Huh7.5 cells stably expressing SHFL or vector
control and transfected with (B) YFV replicon, (C) HCV replicon, or (D) polymerase-defective HCV (HCV-GNN). Cells were lysed, and the relative luciferase
units (RLU) was assessed by luminometry. (E and F) Electron microscopic analysis of Huh7.5 cells stably expressing empty vector control (Top images) or
SHFL (Bottom images) and infected with YFV (E) or HCV (F). Images are representative of 10 cells assessed per cell line per infection. (G) Huh7.5 cells stably
expressing empty vector control or HA.SHFL and infected with YFV-17D at an MOI of 1. Cells were stained with anti-HA and anti-dsRNA antibodies. (H)
STAT1~/~ human fibroblasts stably expressing HA-tagged SHFL or vector control were infected with VEEV at an MOI of 10 for 16 h. +UV, ultraviolet
(UV)—cross-linked HA.SHFL cells; —UV, non-cross-linked HA.SHFL cells; NoTag, UV—cross-linked vector control cells. Bars indicate the mean + SD of n =3
biological replicates (A-C and H), n = 2 (D), and n = 2 with representative images shown (E-G). *P < 0.05; **P < 0.01.
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Loss of SHFL ortholog Shfl results in increased morbidity and mortality in a mouse model of ZIKV pathogenesis. (A and B) Shfl protein expression in

wild-type (WT) and KO mice. (C and D) Shff*™*, Shfl*’=, and Shfl~"~ mice infected with 500 pfu MR766 ZIKV. Viral RNA levels were assessed by qRT-PCR in liver
(C) and spleen (D). (E) Experimental procedure for pathogenesis studies. (F~H) Clinical scores (F), weight loss (G), and survival (H) in ZIKV-infected mice. Data rep-
resent two independent experiments, n = 9 mice per genotype per experiment. (/ and J) Images showing kyphosis and ruffled fur of infected Shfl~'~ (/) or
Shfl*"* (J) mice. Statistical analysis of weight loss was done using unpaired t test with Holm-Sidék correction for multiple comparisons. For G, the asterisks corre-
spond to the following P values: Day 6 (D6), P = 0.023; D7 to 8, P < 0.001; D9, P = 0.003; and D10, P = 0.049. Statistical analysis of survival was done using log-

rank Mantel-Cox test, P < 0.001.

expressing cells compared to control cells (Fig. 24). This sug-
gests SHFL may target viral genome replication. We next used
YFV or HCV “subgenomic replicons” to further examine the
impact of SHFL on viral replication. Subgenomic replicons are
viral RNA genomes expressing Renilla luciferase (Rluc) or
Gluc in place of structural protein genes. When transfected
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into cells, the naked viral RNA bypasses canonical viral entry
routes, replicates, and expresses luciferase in a manner that
temporally distinguishes primary viral RNA translation from
genome amplification. A YFV-Rluc replicon (Fig. 2B) and
HCV-Gluc replicon (Fig. 2C) were inhibited by SHFL at later
stages of replication but not early stages of primary translation.
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Fig. 4. Loss of Shfl in mice promotes increased ZIKV dissemination and pathology in the CNS. (A-E) Viral titers in spleen (A), pancreas (B), liver (C), brain (D),
and spinal cord (E) in infected Shff*"* and Shfl~/~ mice quantified by plaque assay (A, B, D, and E) or qRT-PCR (C). (F-J) Histopathology of CNS tissues. Inflam-
mation/necrosis scores in brain (cerebral cortex) (F), hippocampus (G), and spinal cord (H), and representative histopathology of Shfl~'~ (I) and Shfl** (J) brains
are shown. Regions shown are perivascular cerebral cortex, hippocampus, and meninges with squares denoting areas of inflammation (cortex and meninges)
and cell death (hippocampus). Statistical analysis was done using unpaired t test with Holm-Sidak correction for multiple comparisons (A-E) or one-tailed

Mann-Whitney U test (F-H). n = 4 to 9 mice/genotype/day postinfection assessed (D3, 5, 7 postinfection). *P < 0.05; ***P < 0.001. ns, not significant.

To examine primary translation in the absence of replication,
we used a polymerase-defective replicon, HCV-Gluc-GNN, and
found no difference in luciferase production between SHFL-
expressing and control cells (Fig. 2D). These results were fur-
ther supported by electron microscopic analysis of Huh7.5 cells
infected with YFV-17D (Fig. 2E) or HCV (Fig. 2F), revealing
that SHFL-expressing cells had fewer viral replication organ-
elles when compared to control cells. These replicon-based and
electron microscopy studies corroborate similar findings
recently reported by others and indicate that SHFL targets a
viral replication step after primary translation of the incoming
genome (27). Additionally, SHFL expression strongly inhibited
viral double-stranded RNA (dsRNA), which is produced as
an intermediate product of genome replication (Fig. 2G and

Hanners et al.
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SI Appendix, Fig. S1). Similar to previous studies, we also dem-
onstrated that SHFL is an RNA-binding protein (25, 26). Using
cross-linking immunoprecipitation (CLIP) paired with qPCR,
we found that in VEEV-infected cells, SFHL binds both viral
RNA and a known cellular target RNA, PEG10 (Fig. 2H).

We next questioned whether SHFL has an antiviral role in vivo.
The SHFL mouse ortholog, Shfl (formerly A230050P20Rik),
shares 93% amino acid identity with the human protein (S/
Appendix, Fig. S24), indicating it may have conserved antiviral
function. We confirmed this by demonstrating that ectopically
expressed Shfl inhibits YFV virus in 293T cells (SI Appendix,
Fig. S2B). We next generated Shfl KO mice by crossing a
C57BL/6J mouse bearing a reporter-tagged Shfl null allele
(tm1) with a Cre-expressing mice (33). The resulting mice

PNAS | 50f9
https://doi.org/10.1073/pnas.2111266118

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111266118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111266118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111266118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111266118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111266118/-/DCSupplemental

express a lacZ reporter at the second exon of Shfl, resulting in
a nonconditional KO of the gene (SI Appendix, Fig. S3 A and
B). Loss of expression in several tissues was verified at the pro-
tein level (Fig. 3 A and B and SI Appendix, Figs. S3C and S4).
To characterize the effects of a constitutive gene KO, breeding
efficiency and outcomes were monitored. Phenotypically, Shfl
~ mice were normal in appearance and no physical deformities
were noted in comparison to Shfl"* mice (SI Appendix, Fig.
S3D). Shfl”'~ and ShI*'* mice bred with roughly equal effi-
ciency (SI Appendix, Table S2) and no breeding anomalies were
noted. There was no apparent embryonic lethality with Shf*'~
crosses, as the proportion of genotypes approximated Mende-
lian inheritance (SI Appendix, Table S3).

Immunocompetent mice are intrinsically resistant to certain
flaviviruses due to the inability of flavivirus NS5 to antagonize
mouse STAT2 (34). This has necessitated the use of a partially
immunosuppressed mouse model to achieve flavivirus infection
with nonadapted viruses (35, 36). We established a similar
model and demonstrated that a single administration of an
anti-Ifnarl antibody permitted replication of ZIKV in wild-type
C57BL6/J. ZIKV RNA increased ~3-fold in liver and 15,000-
fold in spleen in these mice when compared to mice treated
with isotype control antibody (Fig. 3 C and D). Genetic ablation
of Shfl resulted in an additional 7-fold increase in viral RNA in
liver and 2.5-fold increase in spleen, compared to SAfl*'* mice,
suggesting that the mouse ortholog of SHFL restricts ZIKV
infection in vivo. To improve viral infectivity and pathogenesis,
we modified our antibody administration protocol based on a
previously published study (Fig. 3E) (37). Mice were scored
daily for condition of fur, activity, paralysis, posture, respiratory
distress, and weight loss (SI Appendix, Table S4) until the exper-
imental end point or humane euthanasia, at which point tissue
and serum samples were obtained.

In Shfi~'~ mice infected with ZIKV-Dakar 41519, clinical
disease developed more rapidly and was more severe than in
Shi*/* mice (Fig. 3F). Infected Shfl”’~ mice also lost signifi-
cantly more weight compared to Shfi*/* after viral challenge.
(Fig. 3G). Furthermore, nearly all Shfl~~ mice succumbed to
ZIKV infection, whereas the infection was less lethal in Shfi™+
mice (Fig. 3H). At the point of humane euthanasia, typically
around 7 to 8 d postinfection, Shfl "~ mice had decreased activ-
ity, more pronounced cachexia, kyphosis, and ruffled fur (Fig. 3/)
compared to SAfI*’* control mice (Fig. 37). Similar results were
observed when mice were inoculated with a higher dose of ZIKV
(ST Appendix, Fig. S5 A-C). These results indicate that Shfl '~
mice have a lethal phenotype at LD50 doses for ShfI** mice and
demonstrate that Shfl plays a critical role in the controlling
flavivirus-induced pathogenesis.

We also assessed the role of Shfl in a mouse model of alpha-
virus pathogenesis. Similar to the in vitro studies, in which
alphaviruses were less inhibited by SHFL than flaviviruses (Fig.
1D), disease outcomes in Shfl”’~ mice infected with SINV
appeared minimal compared to ShfI*"* mice. Though the Shfl~/
~ mice appeared to be slightly more affected in terms of higher
clinical scores, more severe weight loss, and decreased survival,
these outcomes did not reach statistical significance (SI
Appendix, Fig. S5 D-F).

To determine the contribution of virus-induced effects and
host responses to the enhanced susceptibility of Shfl '~ mice to
ZIKYV, we performed a time course of infection and evaluated
viral titers, tissue pathology, and systemic inflammatory
responses. Liver, spleen, pancreas, spinal cord, and brain were
harvested on days 3, 5, and 7 postinfection with ZIKV-Dakar
41519, and on day 6, serum cytokine levels were determined.
Cytokine levels in infected ShfI*'* and Shfl '~ mice were not
significantly different (SI Appendix, Fig. S6). Additionally,
we found no significant differences in viral titers in spleen
(Fig. 44) and pancreas (Fig. 4B) or in relative ZIKV RNA
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levels in the liver (Fig. 4C) at any time point. However, ZIKV
titers in the brain (Fig. 4D) and spinal cord (Fig. 4E), which
peaked at the point of humane euthanasia, were significantly
higher in SAfl~/~ mice than ShfI*/* mice. On histopathology, we
found no difference in inflammation of the liver (SI Appendix,
Fig. S7 A and D) or spleen (SI Appendix, Fig. S7 B and E), as
scored by a blinded, independent pathologist. In contrast, we
found significantly more inflammation in the cerebral cortex of
Shfi~'~ mice (Fig. 4F) and a trend toward more necrosis in the
hippocampus (Fig. 4G) and inflammation in the spinal cord
(Fig. 4H). The increased inflammation in Shfl '~ mice (Fig. 4I)
compared to Shfl*"* mice (Fig. 4/) was evident in the forms of
increased perivascular inflammation in the cortex, increased
pyknosis and cell death in the hippocampus, and increased
inflammation of the meninges (black circles) and spinal cord
(81 Appendix, Fig. S7 C and F). The observed increase of both
inflammation and ZIKV titers in the brain and spinal cord of
Shfi”'~ mice, without a rise in serum cytokines, suggests that
the cause of lethality in the Shfl~/~ mice is likely due to exacer-
bated viral replication in the central nervous system rather than
a detrimental systemic immune response to the infection.

To examine how viral burden correlates with Shfl expression
in the infection model, we assessed Shfl expression in the brain,
spinal cord, liver, and spleen of infected Shfi*"* and Shfi~/~
mice (SI Appendix, Figs. S8 and S9). Despite Ifnarl blockade,
wild-type mice still express Shfl, indicating that Shfl in certain
tissues may be both an ISG effector and a constitutively
expressed restriction factor, which is supported by single-cell
RNA-sequencing data in mice (38). Thus, in this ZIKV model,
Ifnarl blockade likely establishes an innate immunodeficiency
in which constitutively expressed Shfl becomes a critical neuro-
protective factor in the absence of classical ISG induction.

Discussion

Our studies and others have shown that SHFL is an ISG that is
potently antiviral across the Flaviviridae (25-28). Inhibition mech-
anisms supported by these studies have varied, but the RNA-
binding potential of SHFL has been demonstrated here as well as
by previous studies (25, 26, 28, 30). SHFL-mediated restriction of
DENYV has been proposed to be mediated by inhibition of transla-
tion or by degradation of viral genomes in P bodies (25, 26). Lyso-
somal degradation of ZIKV NS3 has also been implicated as a
mechanism for SHFL (28). In a study on HCV, SHFL impaired
HCV replication organelle formation, and this was associated
with lowered phosphatidylinositol-4-phosphate [PI(4)P] levels
(27). Our mechanistic findings are largely consistent with those of
Kinast et al. and together strongly suggest that SHFL inhibits viral
genome replication and not primary translation of the incoming
genome (27). Additional studies are needed to assess further post-
primary translation mechanisms of SHFL action.

Outside of the Flaviviridae, SHFL has also been shown to
inhibit HIV-1 by suppressing —1 programmed ribosomal frame-
shifting (—1PRF), which is required for optimal ratios of viral
gag and gag-pol production (30, 39). This mechanism is consis-
tent with our early observation that SHFL expression was
incompatible with lentivirus production, which led to the
plasmid-based screening strategy presented in this study. Coro-
naviruses use —1PRF to express the two major viral polypro-
teins (40, 41). However, ectopic expression of SHFL inhibited
neither HCoV-OC43 nor SARS-CoV-2. —1PRF has been impli-
cated in the alternative translation of NS1’ in some flaviviruses.
However, this protein is thought to contribute more to patho-
genesis in vivo rather than the viral replication cycle (42).
Another study found that during HCV infection, —1PRF is not
a primary mechanism of viral inhibition for SHFL (27). Taken
together, our work and previous studies indicate that mecha-
nisms unrelated to —1PRF may be contributing to SHFL-
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mediated suppression of flavivirus replication. It is also unclear
how SHFL and PRF impact alphaviruses. Our studies and
others have shown that in vitro, SHFL inhibits VEEV and
SINV (30). However, our in vivo studies with SINV in Shfl '~
mice thus far do not demonstrate that SHFL-mediated inhibi-
tion of SINV translates to protection from clinical disease (S/
Appendix, Fig. S5 D-F). This contrasts with in vivo studies of
—1PRF ablated VEEV, wherein neuropathogenicity was
impaired (43). As stated earlier, while —1PRF does not seem
to be as pivotal in the Flaviviridae replication cycle as for HIV,
there is a suggested role for NS1’, the —1PRF protein encoded
within NS2A, in neuroinvasiveness of the Japanese encephalitis
virus serogroup, such as WNV (44, 45). Whether SHFL con-
trols neuroinvasiveness of Zika or other flaviviruses by inhibit-
ing —1PRF is an interesting area for future research.

In this report of virus infection in a Sifl KO mouse, we show
that Shfl protects mice from ZIKV-induced pathogenesis. The
antiviral phenotype of human SHFL is conserved in the mouse
ortholog and is important for restricting ZIKV replication in
the brain and spinal cord. We speculate that this pathogenesis
specificity is due to antiviral ISG redundancy in noncentral ner-
vous system (CNS) tissues relative to CNS. Indeed, disease and
lethality in Shfl '~ mice appears to be predominantly mediated
by encephalitis due to excess viral burden rather than hepatitis,
pancreatitis, or host-induced immunopathology. Notably, since
tissue expression was determined in the absence of infection/
stimulation, and since we used Ifnarl blockade for the infection
model, our results suggest that Shfl likely has a role in this
model as a cell intrinsic restriction factor independent of IFN
signaling. Thus, while SHFL is a bona fide ISG, further exami-
nation of the role in IFN-induced SHFL will require immuno-
competent mouse models that do not require IFN blockade.

Beyond these findings, additional targeted studies will be
needed to determine which regions of the brain and which cell
types are most impacted by the loss of Shfl in ZIKV-infected
mice. We are also interested in determining whether Shfl controls
other RNA viruses in vivo, as the antiviral specificity of this effec-
tor is quite broad. Lastly, the role of SHFL during neurotropic fla-
vivirus infection in humans needs to be examined by infection
studies in relevant primary neuronal cell cultures and by gene
expression/correlation studies in primary human tissue samples.
Such future studies will help define the role of this critical antiviral
gene during mammalian infection with pathogenic flaviviruses.

Materials and Methods

Ethics Statement. All procedures used in this study complied with federal and
institutional guidelines enforced by the University of Texas Southwestern
Medical Center (UTSW) Institutional Animal Care and Use Committee (IACUC)
and were granted institutional approval after veterinary and committee
review. Animal studies were conducted under UTSW IACUC protocol no. 2016-
101828. All available measures to maintain humane conditions were adhered
to minimize suffering of the animals.

Mice. ShfI"'~ mice on a C57BL/6) background were obtained from the Univer-
sity of California, Daviss’KOMP (Knockout Mouse Project). Heterozygous Shfl
mice were crossed to obtain Shfl~~ mice. Shfl”/~ or Shfl*"* C57BL/6) litter-
mates were used for a majority of experiments when possible; otherwise,
mice of a similar age (within 1 wk) were used. Sample size was chosen based
on published studies, and no randomization or blinding was performed aside
from the scoring of histology. Genotype was confirmed by PCR of genomic
DNA in house or outsourced to Transnetyx. Ablation of Shfl was confirmed by
qPCR in spleen, liver, and brain, as well as by Western blot in multiple tissues.
Animal studies were carried out in specific pathogen-free barrier facilities
managed and maintained by the UTSW Animal Resource Center. Facilities
were maintained at an acceptable range of 68 to 79 °F at a humidity of 30 to
70% on a 12-h dark/12-h light cycle.

In Vivo Infection, Viral Titers, and Organ Histology. Female and male mice (4

to 5 wk old) were injected intraperitoneally with ZIKV-MR766, ZIKV-Dakar
41519, or SINV-A300 diluted in phosphate-buffered saline (PBS) to the
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indicated titers or PBS for a mock infection control. Shfl*"* mice were used for
infection controls. For ZIKV infections, mice were injected either with a single
dose of 2 mg Ifnar antibody, MAR1-5A3 on day —1 (Fig. 3 C and D) or alterna-
tively, on day —1, day +1, and day +4 relative to infection day, with 2 mg, 0.5
mg, and 0.5 mg anti-mouse Ifnar antibody, MAR1-5A3 (Figs. 3 E-H and 4), or
when indicated, anti-human IFN-y receptor antibody for control (Fig. 3 C and
D). All infected mice were monitored daily for weight, morbidity, and mortal-
ity. Animals that were moribund or had lost more than 20% of their original
body weight were euthanized per IACUC guidelines. At time of euthanasia,
mice were saline perfused and organs were harvested. Viral titers in liver, pan-
creas, spleen, brain, and spinal cord were determined from freeze-thawed
organs after weighing, homogenization, and plaque assay on baby hamster
kidney cells. Relative viral titers, where indicated, were determined from
freeze—thawed organs after storing in RNAlater at 4 °C for 1 to 28 d, followed
by homogenization and RNA isolation using TRIzol (Invitrogen) (18). gRT-PCR
was performed using QuantiFast SYBR Green PCR Kit (Qiagen) with a previ-
ously published pan-ZIKV primer set (46).

Livers, spleens, pancreas, brains, and spinal cords were fixed in 10% neutral
buffer formalin, embedded in paraffin, sectioned at 5 pM, and stained with
hematoxylin and eosin. Slides were analyzed by an independent pathologist
(UTSW Animal Resource Center) who was blinded to the experimental condi-
tions. A numerical score was assigned for the degree of inflammation for each
brain and spinal cord and degree of necrosis for each hippocampus. Inflamma-
tory cell infiltration was scored using the following criteria: 0 = none, 1 = mini-
mal, 2 = mild, 3 = moderate, and 4 = marked. The necrosis score was defined
by the percentage of necrosis (0 = none, 1 = <2%, 2 = 2 to 20%, 3 = 21 to
40%, and 4 = >40%).

Chemokine and cytokine analysis was conducted on serum that was col-
lected 6 d postinfection with 250 plaque forming units (pfu) ZIKV-Dakar
41519. Serum was diluted 1:2 and was assayed per manufacturer’s published
protocol using Mouse Magnetic Luminex Assay (R&D Systems, catalog no.
LXSAMSM-12).

Viruses and Cells.

Cells. Huh7.5, U-2 OS, HEK293T (from C. Rice, The Rockefeller University) cells,
and all derivatives were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1x nonessen-
tial amino acids (NEAA). BHK21-J (from C. Rice) were grown in MEM supple-
mented with 10% FBS and 1x NEAA. Human STAT?1~'~ fibroblasts (from J.-L.
Casanova, The Rockefeller University) were maintained in RPMI supplemented
with 10% FBS and 1x NEAA. All media, FBS, and NEAA are from Gibco. Stable
cells expressing antibiotic resistance genes were grown in complete media
supplemented with puromycin (Sigma-Aldrich) at 2 pg mL™". Cell lines were
routinely tested for mycoplasma contamination using the PCR-based Vendor
GeM Mycoplasma Detection Kit (MP0025-1KT, Sigma-Aldrich). Cell lines were
authenticated with short tandem repeat analysis using the ATCC Cell Line
Authentication service.

Viruses. The following viruses and replicons were used in the preparation of
this manuscript, with generation and propagation previously described (11,
47): YFV strain 17D expressing Venus GFP (YFV-Venus), HCV genotype 2a intra-
genotypic chimera expressing Ypet GFP (HCV-Ypet), CVB-GFP, nonreporter
SINV A300, SINV expressing GFP (SINV-GFP), VEEV expressing enhanced GFP
(VEEV-GFP) derived from the TC83 vaccine strain of VEEV (from I. Frolov),
WNV-GFP, MV Edmonston lineage expressing GFP, HCV replicon expressing
Gluc (Bi-Gluc-JFH-SG), and ZIKV strain PRVABC59 (48). HCV-Gluc was gener-
ated from the infectious clone Jc1FLAG(p7-nsGluc2A) as previously described
(49). A ZIKV MR766-GFP infectious clone (provided by M. Evans, Icahn School
of Medicine at Mount Sinai) was used to generate the virus as described
previously (50). The infectious clone pACNR-FLYF-17Dx (C. Rice) was used to
generate nonreporter YFV-17D as previously described (14). Virus-containing
supernatants were collected, clarified by centrifugation, and stored at —80°C.
Human coronavirus OC43 (ATCC strain VR-1558) was propagated in HCT-8 cells
as specified by the ATCC. Viral titers were determined by antibody staining
(MAB9012, Millipore) and flow cytometry (51). SARS-CoV-2 (strain USA-WA1/
2020) was obtained from the World Reference Center for Emerging Viruses
and Arboviruses, University of Texas Medical Branch. Virus was propagated by
low multiplicity of infection (MOI 0.01 to 0.001) in VeroE6 cells. When 70 to
90% cytopathic effect was observed (48 to 72 h postinfection), virus-
containing supernatant was harvested, clarified by centrifugation, aliquoted,
and stored at —80 °C until use. Viral titers were determined by TCID50 assay in
VeroE®6 cells.

Lentivirus and in vitro infections. Lentivirus production and transductions
were performed as previously described (11). Viral infections for GFP-
expressing reporter viruses, as well as nonreporter DENV and ZIKV, were con-
ducted as previously described (11, 47, 48). SARS-CoV-2 and WNV infections
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were done in the BSL3 containment unit with approved conditions. For SARS-
CoV-2 infections, stable Huh7.5 cells expressing SHFL or empty vector were
infected with an MOI of 2. For the WNV ISG screen (Fig. 1A), HEK293T cells
were plated at a density of 1 x 10° cells per 24 well in “complete” DMEM with
1x penicillin/streptomycin. Cells were transfected using XtremeGene 9 per
manufacturer’s protocol (Sigma-Aldrich, no. XTG9-RO) and incubated 24 h at
37°C prior to infection with 5 MOl WNV-GFP. After approximately one viral
replication cycle, cells were harvested for analysis by flow cytometry. Plotted in
Fig. 1A are ISGs with transfection efficiency leading to harvest of at least 2,500
cells. Data for all 52 ISGs screened plus positive and negative controls (IRF1 and
Fluc, respectively) are shown in S/ Appendix, Table S1. For Fig. 1C, U20S cells
were transiently transfected with siRNA, as discussed in siRNA-Mediated Gene
Silencing, prior to infection with YFV . For Fig. 1D, cells used for infections
included empty vector or SHFL expressing stable Huh7.5 (WNV, VEEV, DENV,
HCV, YFV, ZIKV, EAV, CVB, SINV, OC43, CoV2, VSV, PIV3, and MV) or stable
STAT1~" cells (ONNV, RSV, and IAV).

For the reporter HCV-Gluc growth curve, cells were infected with at least 1
MOI in DMEM supplemented with 1% FBS for 1 h. Media were aspirated, and
cells were washed with serum-free DMEM four times and replaced with 500
pL complete DMEM. Supernatants were collected at specified time points and
quantified by relative luciferase units by luminometry using Rluc assay system
(Promega). Studies using the HCV subgenomic replicon (Bi-Gluc-JFH[SG]) and
the polymerase-defective Bi-Gluc-JFH-GNN[SG] (HCV-GNN) were carried out as
previously described (11). The YFV-17D subgenomic replicon YFV-Rluc (from R.
Kuhn) was propagated, and viral RNA was generated as previously described
(52). Assays to detect YFV-Rluc replicon activity were conducted similar to HCV
replicon studies, with the detection of intracellular Rluc using the Renilla Lucif-
erase Assay System (Promega).
siRNA-mediated gene silencing. SHFL siRNA (Thermo Fisher Scientific s30768)
or Allstars Negative Control siRNA (Qiagen 1027280) at 20 nM was transfected
into U20S with HiPerfect Transfection Reagent (Qiagen) according to the
manufacturer’s reverse transfection protocol for 6-well plates. Cells were dis-
sociated 48 hours post transfection and replated for infection in 24-well plates
at a density of 5 x 10* cells per well and incubated overnight. The next day,
cells were treated for 8 h with the indicated amounts of human IFN-a. Cells
were then infected with 2.5 MOI YFV-17D-Venus for 1 h. Cells were harvested
48 h postinfection and analyzed by flow cytometry.

Antibody staining. Nonreporter virus infections were assessed using antibody
staining targeting envelope protein (antibody D1-4G2-4-15, ATCC) for DENV
and ZIKV infections as indicated. Cells were fixed in 4% paraformaldehyde in
PBS for 20 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and
blocked with 10% bovine serum albumin for 30 min. Cells were incubated
with primary antibody for 1 h at room temperature, followed by incubation in
secondary antibody for 30 min at room temperature. Alexa Fluor-conjugated
secondary antibody, AF-488 for green channels and AF-555 for red channels
(Life Technologies) were used. Cells were mounted with ProLong Diamond
with DAPI (Life Technologies) and imaged with a Zeiss Axiovert 200 micro-
scope, unless otherwise indicated.

dsRNA. Approximately 20,000 Huh7.5 cells stably expressing HA.SHFL or an
empty vector were plated into 8-well chamber slides. Cells were infected with
1 MOI YFV-17D for 1 h. Cells were incubated for 48 h and were stained with J2
anti-dsRNA antibody (1:500, Scions), following the protocol for antibody stain-
ing, mounting, and imaging as described in Antibodly Staining..

Electron Microscopy. Approximately 2 x 10° Huh7.5 cells stably transduced
with SCRPSY.empty or SCRPSY.SHFL lentivirus were seeded into 10-cm? tissue
culture dishes. The next day, cells were either mock infected or infected with
YFV-17D or HCV at 1 MOL. Cells were processed 24 h (YFV) or 48 h (HCV) post-
infection for electron microscopy as previously described (48). Blocks were
sectioned with a diamond knife (Diatome) on a Leica Ultracut UCT (7) ultrami-
crotome (Leica Microsystems) and collected onto copper grids. Images were
acquired on a Tecnai G2 spirit transmission electron microscope (FEI)
equipped with a LaB6 source using a voltage of 120 kV. Twenty cells of each
cell line were reviewed, and representative images are shown.

Western Blots. For in vitro and in vivo protein expression assays, cells were
either lysed directly and boiled in sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (100 mM Tris [pH 6.8], 20% glycerol,
4% SDS, 2% BME and 0.1% Bromophenol blue) or lysed in radioimmunopreci-
pitation assay (RIPA) buffer (containing 25 mM Tris [pH 7.5], 150 mM Nacl,
0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, and 1x Complete Pro-
tease Inhibitor Cocktail [Roche]) or in Nonidet P-40 lysis buffer (containing 50
mM Tris [pH 7.5], 150 mM NacCl, 1 mM EDTA, 1% Nonidet P-40, and 1x Com-
plete Protease Inhibitor Cocktail). The protein concentration of cell lysates
was determined by bicinchoninic acid (BCA) protein assay (Pierce Thermo
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Scientific). Lysates were separated on 12% polyacrylamide gels using the
Laemmli method, and proteins were blotted to polyvinylidene difluoride
membranes (Bio-Rad) and processed for Western blotting. Membranes were
blocked in 5% milk in TBST (50 mM Tris-Cl [pH 7.5], 150 mM Nacl, and 0.05%
Tween-20), followed by incubation with primary antibody for 1 to 1.5 h and
secondary antibodies for 30 to 45 min. Proteins were visualized by incubating
blots with enhanced chemiluminescent substrate (Pierce or Clarity, Bio-Rad)
and exposing blots to autoradiography film (Denville Scientific). SHFL was
detected using a polyclonal rabbit antibody [Sigma-Aldrich, HPA042001 or
Protein-Tech, 27865-1-AP (in S/ Appendix, Figs. S8 and S9)]. Loading control
antibodies used in the study include the following: anti-g-actin (Abcam,
ab6276), mouse monoclonal anti—p-actin-horseradish peroxidase (Sigma-
Aldrich, A3854), or anti-GAPDH (Abcam, ab8245).

For mouse expression analysis (Fig. 3 and S/ Appendix, Fig. S4), mice were
humanely euthanized, perfused with heparinized saline, and organs removed.
Organs were homogenized, and protein was isolated using RIPA buffer. Pro-
tein concentration was determined by BCA protein assay, and 30 ug protein
was loaded per well, and gels were probed for Shfl. For each organ in Fig. 3,
the first lane is the Shff”* mouse and the second lane is the Shfl '~ mouse.
Positive control in final lane of upper left and lower blots is from HEK293T
cells with ectopic expression of Shfl. For SI Appendix, Figs. S8 and S9, the
mouse genotypes and days of harvest postinfection are as shown in figures.
CLIP. Cells were washed with PBS and cross-linked with 150 mJ/cm? in a Spec-
trolinker XL1000 (Spectroline). Cells were scraped, pelleted, and snap frozen.
Cells were thawed and lysed in SDS lysis buffer (0.5% SDS, 50 mM Tris-Cl pH
6.8, 1 mM EDTA, 0.125 mg/mL heparin, 2.5 mg/mL torula yeast RNA [Sigma-
Aldrich], and 1x protease inhibitors [Roche]). Samples were boiled at 65 °C for
5 min and returned to ice. Buffer was adjusted to RIPA buffer (1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NacCl, 50 mM Tris-Cl pH
8.0, 2 mM EDTA) by addition of a correction buffer (1.25% Nonidet P-40,
0.625% sodium deoxycholate, 62.5 mM Tris - HCl pH 8.0, 2.25 mM EDTA, 187.5
mM Nacl). Lysate was passed through a QlAshredder (Qiagen) twice. Lysates
were cleared by three high-speed spins with tube transfers. Cleared lysates
were supplemented with 5 mM CaCl2 and treated with 30 U of DNase (NEB)
for 15 min. Antibody conjugated beads (preconjugated anti-HA) were added
to samples (Pierce). Samples were rotated end over end at 4 °C for 2 h. Samples
were placed on a magnetic separator and washed three times with RIPA, once
with RIPA supplemented with 1 M Urea, and twice with RIPA. RNA was eluted
from beads by addition of Proteinase K buffer (0.5 mg/mL Proteinase K
[Ambion], 0.5% SDS, 20 mM Tris-Cl pH 7.5, 5 mM EDTA, 16.7 ng/uL GlycoBlue
[Invitrogen], 0.1 mg/mL torula yeast RNA) and incubation for 1 h with shaking
at 37°C. Following elution, RNA was extracted with phenol-chloroform-iso-
amyl alcohol, extracted with chloroform, precipitated, DNase-treated, repuri-
fied, and complimentary DNA (cDNA) was generated using SuperScript IV and
random hexamers. cDNA was treated with RNase H and RNase A, precipitated,
and resuspended in a low volume of water for storage at —20°C. cDNA was
diluted prior to gPCR. Primers used are shown in S/ Appendix, Table S5.
Statistics and reproducibility. Statistical analyses were performed with
GraphPad Prism software. In all figures, the data points and bar graphs repre-
sent the mean of independent biological replicates. Except where noted, the
error bars represent the SD and are only shown for experiments with n =3 or
greater, and the individual data points are overlaid. Western blots are repre-
sentative of multiple biological replicates showing similar results. Uncropped
blots are presented in S/ Appendix, Figs. S4 and S9. Microscopy-based data
are representative of multiple biological replicates showing similar results, as
follows: immunofluorescence microscopy, n = 3 (Fig. 2H); and electron micros-
copy, n =3 (Fig. 2/ and J). The histopathology was reviewed by a licensed vet-
erinary pathologist who was blinded to the genotype of the mice. Two mice
were omitted from analysis (one Shfl** and one Shfl /") as qRT-PCR deter-
mined Shfl levels did not match their expected genotypes.

Data Availability. All study data are included in the article and/or S/ Appendix.
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