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ABSTRACT Following the initial detection of viral infection, innate immune responses
trigger the induction of numerous interferon-stimulated genes (ISGs) to inhibit virus rep-
lication and dissemination. One such ISG encodes cholesterol-25-hydroxylase (CH25H),
an enzyme that catalyzes the oxidation of cholesterol to form a soluble product, 25-
hydroxycholesterol (25HC). Recent studies have found that CH25H is broadly antiviral; it
inhibits infection by several viruses. For enveloped viruses, 25HC inhibits membrane fu-
sion, likely by altering membrane characteristics such as hydrophobicity or cholesterol
aggregation. However, the mechanisms by which 25HC restricts infection of nonenvel-
oped viruses are unknown. We examined whether 25HC restricts infection by mamma-
lian reovirus. Treatment with 25HC restricted infection by reovirus prototype strains type
1 Lang and type 3 Dearing. In contrast to reovirus virions, 25HC did not restrict infection
by reovirus infectious subvirion particles (ISVPs), which can penetrate either directly at
the cell surface or in early endosomal membranes. Treatment with 25HC altered traffick-
ing of reovirus particles to late endosomes and delayed the kinetics of reovirus uncoat-
ing. These results suggest that 25HC inhibits the efficiency of cellular entry of reovirus
virions, which may require specific endosomal membrane dynamics for efficient mem-
brane penetration.

IMPORTANCE The innate immune system is crucial for effective responses to viral
infection. Type I interferons, central components of innate immunity, induce expres-
sion of hundreds of ISGs; however, the mechanisms of action of these antiviral pro-
teins are not well understood. CH25H, encoded by an ISG, represents a significant
constituent of these cellular antiviral strategies, as its metabolic product, 25HC, can
act in both an autocrine and a paracrine fashion to protect cells from infection and
has been shown to limit viral infection in animal models. Further investigation into
the mechanism of action of 25HC may inform novel antiviral therapies and influence
the use of mammalian reovirus in clinical trials as an oncolytic agent.
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Aproductive innate immune response is dependent on the successful recognition of
molecular signatures of infection by infected cells. Detection of pathogen-

associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) results
in upregulation of multiple mechanisms that restrict pathogen replication (1). In the
case of RNA virus infection, ligation of double-stranded RNA (dsRNA) by Toll-like
receptors or cytoplasmic RIG-I-like helicases (RLHs) induces the production of type I
interferons (IFNs), a family of major antiviral cytokines (2). IFNs signal through the type
I IFN receptor (IFNAR) to elicit an antiviral state characterized by the expression of a
broad range of interferon-stimulated genes (ISGs). ISGs inhibit virus replication through
a variety of mechanisms, both cell intrinsic and extrinsic. However, despite the identi-
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fication of over 200 identified ISGs, the molecular mechanism of action has been
characterized for only a few of these genes (3).

Cholesterol-25-hydroxylase (CH25H) is an ISG product that acts through both
cell-intrinsic and -extrinsic mechanisms. CH25H converts cholesterol to 25-hydro-
xycholesterol (25HC), one of a large number of endogenous cellular oxysterols that are
involved in multiple metabolic pathways (4). 25HC regulates sterol-responsive element
binding proteins (SREBPs) to control sterol biosynthesis (5, 6) and can suppress sterol
biosynthetic enzymes such as HMG-coenzyme A reductase (7, 8). In addition to these
roles in metabolism, CH25H also functions in the immune system, suppressing immu-
noglobulin A production in B cells (9) and inducing expression of the inflammatory
cytokine interleukin-8 (10). More recently, CH25H has been shown to directly restrict
target cell entry of enveloped viruses, including herpes simplex virus (HSV), Ebola virus,
Lassa virus, Zika virus, porcine reproductive and respiratory syndrome virus (PRRSV),
and pseudorabies virus, by inhibiting fusion of virus and cell membranes (11–16).
Intriguingly, 25HC acts in both an autocrine and a paracrine manner and may be
secreted by macrophages to prevent viral infection in surrounding cells (17). Although
an initial report indicated that 25HC was an ineffective antiviral compound for adeno-
virus (a nonenveloped virus), a more recent report demonstrated significant antiviral
activity against other nonenveloped viruses, including human rotavirus, human rhino-
virus, and human papillomavirus (HPV) (18). However, neither the stages of virus
replication inhibited, nor the mechanism of this activity, are known.

Mammalian orthoreoviruses (reoviruses) are nonenveloped viruses with double-
stranded RNA (dsRNA) genomes. Although relatively nonpathogenic in humans, reo-
viruses have recently been identified as a trigger for celiac disease (19) and are in
clinical trials for use as oncolytic agents (20). Reovirus target cell entry involves initial
engagement with cell surface carbohydrates prior to ligation of proteinaceous recep-
tors, including junction adhesion molecule A and the Nogo receptor NgR1 (21, 22).
Virions are targeted into endosomal compartments via interactions with �1-integrins
(23). In late endosomes, acid-dependent proteolysis of outer capsid proteins by cathe-
psins results in uncoating and cleavage of the membrane penetration protein �1,
which facilitates entry of transcriptionally active viral cores into the cytoplasm (24–28).
Reovirus infectivity is sensitive to alterations in the entry process, as correct targeting
to late endosomes, as denoted by expression of Rab7, is crucial for establishing
productive infection (29). Additionally, alterations to this process, such as expression of
the antiviral ISG IFITM3, can limit the capacity of reovirus to infect target cells (30).
Given the role of 25HC in restricting entry of both enveloped and nonenveloped
viruses, we sought to test whether 25HC inhibits reovirus infection.

In this study, we determined that both CH25H expression and 25HC treatment
significantly inhibit reovirus infection and replication. 25HC-mediated restriction occurs
after receptor engagement but prior to cytoplasmic entry of the core particle. 25HC
treatment altered reovirus targeting to Rab7-containing late endosomes and delayed
proteolysis of the reovirus capsid. However, 25HC treatment did not alter the infectivity
of in vitro-generated infectious subvirion particles (ISVPs), which do not require entry
into acidified compartments for entry, indicating that membrane penetration was not
affected. Thus, CH25H and its product, 25HC, likely alter the dynamics of uncoating in
the endosomal system, leading to inefficient membrane penetration. CH25H, therefore,
represents another member of the growing arsenal of known antiviral ISG products that
restrict reovirus infection, which may have implications for the therapeutic use of
reoviruses as oncolytic agents.

RESULTS
25HC restricts mammalian reovirus infection. 25-Hydroxycholesterol (25HC), the

product of cholesterol-25-hydroxylase (CH25H), restricts the entry of several enveloped
viruses by inhibiting fusion between viral and cellular membranes (11–13), though
molecular mechanisms for virus restriction are not fully defined. Additionally, although
treatment with 25HC restricted infection by some nonenveloped viruses, including
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human rotavirus, human rhinovirus, and human papillomavirus (18), it did not restrict
infection by another nonenveloped virus, adenovirus (12), raising the possibility that
25HC-mediated restriction may be limited to a subset of nonenveloped viruses. There-
fore, we tested whether 25HC also restricts mammalian orthoreovirus infection. L929
and HeLa cells were grown in medium conditioned with 25HC at various concentra-
tions, with ethanol as a vehicle control. The cells were pretreated with the conditioned
medium for 16 h prior to adsorption with reovirus strains type 1 Lang (T1L) and type
3 Dearing (T3D) at various multiplicities of infection (MOI) (as determined by plaque
titer on L929 cells). Cells were infected for 24 h, and the percentage of infected cells was
quantified by indirect immunofluorescence using anti-reovirus T1L or T3D antiserum.
The presence of 25HC significantly restricted infection by reovirus strain T1L in a
dose-dependent manner in both L929 (Fig. 1A) and HeLa (Fig. 1B) (P � 0.05) cells. This
effect was serotype independent, as 25HC also significantly restricted infection by
reovirus strain T3D (Fig. 1C) (P � 0.05). Importantly, these concentrations of 25HC did
not alter cell viability, as determined by trypan blue exclusion (Fig. 1A and B).

We next tested whether the restriction in the percentage of infected cells induced
by the presence of 25HC would result in decreased reovirus replication. L929 cells were

FIG 1 25HC restricts reovirus infection. L929 cells (A) or HeLa cells (B and C) were treated with the ethanol
vehicle control or 25HC at the indicated concentrations for 16 h. Cells were infected with T1L (A and B)
or T3D (C) at the indicated MOI (MOI of 10 for panel B), fixed at 24 h postinfection, stained with anti-T1L
or anti-T3D polyclonal antisera and DAPI, and analyzed by fluorescence microscopy. Cell viability (A and
B; right axis) was determined by trypan blue staining. Bars represent the means, and error bars represent
95% confidence intervals (CI) of biological replicates, *, P � 0.05 (versus results for mock-treated cells by
Student’s t test). Data are representative of three to five independent experiments per panel.
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treated with 25HC or the vehicle control for 16 h and were then adsorbed with reovirus
strain T1L at an MOI of 1 PFU/cell. Medium containing 25HC was replaced and cultures
were incubated at 37°C, and viral yield was determined via plaque assay at 24 and 48
h postinfection (hpi). Treatment with 25HC restricted reovirus replication in a dose-
dependent manner, with titers in cultures treated with 10 �M 25HC reduced by
�10-fold in comparison to mock-treated samples at both 24 and 48 h postinfection
(Fig. 2) (P � 0.05). These results suggest that 25HC-mediated restriction limits the
replicative potential of reovirus in cell culture.

CH25H expression is induced by, and restricts, reovirus infection. Expression of
CH25H is induced in cells following stimulation by type I interferons (31). Mammalian
reoviruses are known inducers of type I IFNs, so we sought to determine whether
CH25H is induced by reovirus infection. To ensure uniform kinetics of cellular gene
expression, HeLa cells were mock infected or infected with a high MOI of T3D, 100
PFU/cell, and RNA was extracted from cells at various times postinfection. Levels of
CH25H mRNA were quantified using quantitative reverse transcriptase PCR (qPCR).
Expression of CH25H mRNA was upregulated by �15-fold at 8 h postinfection, with
levels decreasing at 16 h and 24 h postinfection (Fig. 3). This pattern is consistent with
previously observed kinetics of IFN production and ISG stimulation following reovirus
infection (30, 32, 33).

To determine whether CH25H expression also restricts infection, we exogenously
expressed green fluorescent protein (GFP)-tagged CH25H from a plasmid following
transient transfection. HeLa cells were transfected overnight with CH25H-GFP and then
infected with reovirus T1L at an MOI of 10 PFU/cell. After 18 h, the cells were fixed and

FIG 2 25HC restricts reovirus replication. L929 cells treated with the vehicle control or 25HC at the
indicated concentrations for 16 h were infected with reovirus strain T1L at an MOI of 1 PFU/cell, at which
time the 25HC was replaced. Viral titers at 24 hpi and 48 hpi were determined by plaque assay. The
results indicate mean viral yields, calculated by dividing the titer at the indicated time points by the titer
at 0 hpi. Bars represent the means, and error bars represent 95% CI of biological replicates. *, P � 0.05
by analysis of variance (ANOVA; compared to results for control-treated cells). Data are representative of
three independent experiments.

FIG 3 Reovirus infection induces CH25H expression. HeLa cells were mock infected or infected with
reovirus T3D at an MOI of 100 PFU/cell for 24 h. RNA was extracted from cultures at the indicated time
points, converted to cDNA, and used for qPCR analysis using primers for human CH25H. The level of
CH25H expression was normalized to GAPDH in each culture. Data represent the mean and standard
deviation (SD) of the results of triplicate biological samples.
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stained using an anti-T1L antisera, and the percentages of GFP-positive and reovirus-
positive cells were determined by indirect immunofluorescence microscopy. Exoge-
nous expression of CH25H diminished the percentage of cells infected with reovirus
(Fig. 4) from �40% to around �25% of the cells in the culture. This effect was even
more pronounced in the GFP-positive cells expressing CH25H, as only around 13% of
GFP-positive cells were also positive for reovirus antigen. Nevertheless, since reovirus
staining was also diminished in GFP-negative cells, this indicates that the product of
CH25H, 25HC, could be secreted from cells to restrict infection in cells that do not
express CH25H, similar to previous reports (12). Of note, in examining the subcellular
location of GFP, we observed GFP fluorescence primarily in small puncta throughout
the cytoplasm. These were determined to be lipid droplets, as confirmed by staining
with Nile red (data not shown).

25HC pretreatment restricts reovirus infection at the entry stage. We next
sought to understand the kinetics of the restriction mediated by 25HC using a time-
of-addition experiment, pretreating cells with 25HC for different intervals prior to or
after infection with reovirus. Addition of 25HC between 1 h prior to infection and 1 h
postinfection did not affect reovirus infectivity (Fig. 5). However, pretreatment at or
before 2 h prior to infection significantly inhibited infection, with maximal inhibition

FIG 4 CH25H expression restricts reovirus infection. HeLa cells were mock transfected or transfected with
a construct expressing GFP-tagged CH25H. At 18 h posttransfection, the cells were infected with T1L at
an MOI of 10 PFU/cell for 18 h. The cells were fixed and stained with anti-T1L polyclonal antisera and
DAPI, and the percentage of reovirus-infected cells, GFP-positive cells, and reovirus/GFP double-positive
cells was determined by fluorescence microscopy. Error bars indicate 95% CI of biological replicates. A
minimum of 30 GFP-positive cells were counted in each field. *, P � 0.05 by Student’s t test (compared
to results for mock-transfected cells). Data are representative of three independent experiments.

FIG 5 25HC restricts reovirus infection as early as 2 h posttreatment. HeLa cells were treated with the
ethanol vehicle control or 10 �M 25HC at the indicated times prior to infection. Cells were infected with
T1L at an MOI of 10 PFU/cell and were fixed at 24 h postinfection, stained with anti-T1L antisera and DAPI,
and analyzed by fluorescence microscopy. Error bars indicate 95% CI of the results of biological
replicates. *, P � 0.05 by Student’s t test. Data are representative of two independent experiments.
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occurring with pretreatment 8 h or more prior to infection. These results indicate that
25HC does not inhibit reovirus during the process of infection or after infection has
taken place but likely establishes a refractory state prior to infection. As 25HC influences
several metabolic pathways, including sterol biosynthesis and protein prenylation, it is
possible that the refractory state may be induced by alterations in the levels of cellular
metabolites regulated by 25HC. Sterol biosynthesis is sensitive to the key intermediate
mevalonate, which is produced by HMG-coenzyme A (HMG-CoA) reductase; 25HC
suppresses HMG-CoA reductase activity (8). 25HC also inhibits production of another
key biochemical intermediate, isopentyl-pyrophosphate, which is utilized by farnesyl-
transferase and geranylgeranyltransferase for protein prenylation (17). Neither the
addition of exogenous mevalonate (30 to 300 �M) nor inhibitors of farnesyltransferase
(FTI-276; 5 to 20 �M) or geranylgeranyltransferase (GGTI-298; 5 to 20 �M) altered the
infectivity of reovirus (not shown). Additionally, staining with filipin, a marker of free
cellular cholesterol, showed no significant differences between vehicle- and 25HC-
treated cells (not shown). Together, these data suggest that 25HC does not exert its
refractory effects on reovirus infection via alteration of cellular biosynthetic pathways.

We next sought to determine the stage of the reovirus replication cycle at which
25HC exerts its restriction. Since 25HC was shown to restrict the entry of enveloped
viruses, we hypothesized that it might also restrict the entry of reovirus. We then tested
to see whether the presence of 25HC restricted infection caused by delivery of reovirus
core particles into cells via an alternative mechanism, transient transfection. HeLa cells
were pretreated with 10 �M 25HC or the vehicle control for 12 h and then transfected
with purified in vitro-generated reovirus cores. After 18 h, the percentage of infected
cells was determined via indirect immunofluorescence. The presence of 25HC did not
alter the percentage of cells infected following this delivery mechanism (Fig. 6A),
suggesting that 25HC acts prior to membrane penetration and not during the subse-
quent stages of the reovirus replication cycle. Importantly, no infection was observed
in cultures incubated with reovirus cores in the absence of transfection reagent,
indicating that the infection observed was not due to the incomplete processing of
virions in the preparation of cores.

We then tested whether 25HC restricted infection by reovirus infectious subvirion
particles (ISVPs), which do not require endosomal protease activity for membrane
penetration and infectivity (34). HeLa cells were incubated with 10 �M 25HC or the
vehicle control for 16 h, followed by incubation with either T1L virions or in vitro-
generated ISVPs at an MOI of 10 PFU/cell, and the percentage of infected cells was
determined at 16 hpi by indirect immunofluorescence microscopy. In contrast to
virions, 25HC did not alter the capacity of ISVPs to infect HeLa cells (Fig. 6B). Addition-
ally, no differences were observed in the initial binding of fluorescently tagged T1L
virions to the surface of cells in the presence or absence of 25HC, as assessed by flow
cytometry (Fig. 6C). These results indicate that 25HC restricts infection at a phase after
receptor binding on target cells, likely during endosomal uptake or trafficking.

25HC alters reovirus endocytic trafficking, resulting in delayed outer capsid
proteolysis and uncoating. Next, we sought to determine whether 25HC affects the
kinetics of reovirus particles entering into endosomal compartments necessary for
acid-dependent proteolysis of the outer capsid during the uncoating process. Produc-
tive reovirus entry occurs in late endosomes that contain specific Rab GTPases, such as
Rab7 and Rab-interacting lysosomal protein (RILP) (29). HeLa cells were transfected with
Rab7-enhanced GFP (EGFP) and preincubated for 12 h in the presence or absence of 10
�M 25HC. The cells were then chilled at 4°C for 1 h, adsorbed with Alexa 568-labeled
reovirus particles at 4°C for 1 h, and then incubated at 37°C for 0, 60, 90, or 120 min.
At these times, the cells were fixed with 2% paraformaldehyde and visualized by
confocal microscopy (Fig. 7A). Quantification of colocalization between reovirus parti-
cles and Rab7-EGFP-labeled endosomes showed an increase over background levels in
the absence of 25HC (Fig. 7B). In contrast, in the presence of 25HC, colocalization
between particles and Rab7-containing endosomes was significantly reduced at 90 and
120 min postadsorption. These data suggest that 25HC may alter endosomal trafficking
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dynamics. Additionally, 25HC treatment did not overtly affect the localization, mor-
phology, or number of Rab7-EGFP-containing compartments, suggesting that 25HC
does not cause global alterations in cellular endocytic pathways (Fig. 7). As a control,
the cells were adsorbed with EGFP-labeled transferrin in the presence or absence of
25HC pretreatment, and the uptake of transferrin was monitored by confocal micros-
copy. No difference in the kinetics of transferrin uptake was observed in the presence

FIG 6 25HC does not restrict infection by reovirus ISVPs or transfected cores and does not alter virion
binding to target cells. HeLa (A, B, and C) or L929 (B) cells were treated with the ethanol vehicle control
or 10 �M 25HC at 12 h prior to inoculation. (A) Cells were mock transfected or transfected with in
vitro-generated T1L cores using Lipofectamine 2000. (B) Cells were infected with in vitro-generated T1L
ISVPs at the indicated MOI and were fixed at 24 h postinfection, stained with anti-T1L antisera and DAPI,
and analyzed by fluorescence microscopy. Error bars represent 95% CI of results for biological replicates.
Data are representative of three independent experiments per panel. (C) Cells were incubated at 4°C for
1 h, mock treated or adsorbed with 10,000 particles/cell of Alexa 568-labeled T1L virions, washed in cold
PBS, fixed, and analyzed by flow cytometry. The mean fluorescence intensities (MFI) of the resulting
histograms are indicated.
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of 25HC, indicating that 25HC does not globally alter clathrin-dependent endocytic
pathways (Fig. 8).

Finally, we examined the kinetics of outer capsid proteolysis in the presence or
absence of 25HC. HeLa cells were preincubated with 10 �M 25HC for 12 h, adsorbed
with T1L virions for 1 h at 4°C, and then incubated at 37°C for 0, 60, 90, or 120 min. At
these times postinfection, cell lysates were analyzed by SDS-PAGE, followed by immu-
noblotting using a T1L-specific antiserum. Cells treated with 25HC exhibited delayed
cleavage of �1 into �1C and � in comparison to mock-treated cells, with initial cleavage
products detected in mock-treated cells by 60 min postinfection and in 25HC-treated

FIG 7 25HC decreases reovirus particle trafficking to late endosomes. HeLa cells were transfected with Rab7-EGFP 18 h
prior to infection and pretreated with the vehicle control or 10 �M 25HC for 12 h prior to infection. The cells were chilled
at 4°C for 1 h and then adsorbed with 10,000 particles/cell of reovirus-Alexa 568 at 4°C for 1 h. The inoculum was removed,
and the cells were washed to remove unbound virus and then either fixed with 2% paraformaldehyde or supplemented
with complete medium and incubated at 37°C for the indicated times (in minutes) before fixing. (A) Cells were imaged
by confocal microscopy. Insets depict enlarged images of boxed regions. (B) The percentage of reovirus-Alexa 568
particles colocalized with Rab7-EGFP was determined. Data are presented as the percentage of virus particles exhibiting
spectral overlap with EGFP expression (n � 45 to 94 cells per time point; average of 2,348 particles per time point). Error
bars represent SD. *, P � 0.05 by Student’s t test (in comparison to results for control treatment at the same time point).
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cells by 120 min postinfection (Fig. 9A). Reovirus uncoating is mediated by acid-
dependent cathepsin proteases, including cathepsin L (24). To determine whether
25HC directly altered cathepsin L activity, cells were treated with 25HC or the vehicle
control for 12 h, at which point the cathepsin L activity of culture lysates was
determined using a luminescence-based proteolysis assay (Fig. 9B). No differences were
observed between mock- and 25HC-treated cultures. Together with data regarding
colocalization with Rab7-containing endosomes, these data indicate that 25HC alters
the endocytic trafficking patterns of reovirus particles, leading to delayed outer capsid
proteolysis and subsequent membrane penetration and thereby decreasing the effi-
ciency of infection.

DISCUSSION

The type I IFN system is pivotal in responding to viral infection. The activities of
hundreds of ISGs elicit an antiviral state to curtail nascent infections prior to the

FIG 8 25HC does not affect transferrin uptake. HeLa cells were treated with the ethanol vehicle control or 10 �M 25HC for
12 h. Cells were serum starved for 30 min at 37°C and pulse-labeled with Alexa 594-labeled human transferrin for 10 min,
washed, and incubated in serum-containing medium for the indicated times, at which point the cells were fixed, stained
with DAPI, and imaged by confocal microscopy.
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induction of a specific adaptive immune response. Collectively, ISGs are known to act
at multiple stages of viral replication cycles, from attachment and entry, to RNA
synthesis, to particle exit (3). However, many ISGs target cell entry processes as a crucial
step in all viral replication cycles. Preventing entry, and therefore subsequent viral
protein production, negates the activity of virally encoded innate immune antagonists.
The CH25H system, through the production of the secreted metabolite 25HC, protects
cells from infection by multiple viruses, including mammalian reoviruses, by restricting
viral entry mechanisms.

CH25H is a 233-amino-acid protein that catalyzes the oxidation of cholesterol to
25-hydroxycholesterol (4). CH25H mRNA expression is induced following infection by
reovirus, consistent with the prior identification of the CH25H gene as an interferon-
stimulated gene (31). While we did not determine whether reovirus induces a concom-
itant increase in endogenous CH25H protein level or 25HC production, prior reports
have observed increases in both CH25H protein expression and 25HC secretion follow-
ing upregulation of mRNA levels (17, 35), suggesting that reovirus infection likely
induces expression of CH25H at both the mRNA and protein level, resulting in the
production of 25HC. Previous data suggest that CH25H localizes to the endoplasmic
reticulum, consistent with its function in oxysterol synthesis (5). However, our obser-
vations indicate that GFP-tagged CH25H also associates with lipid droplets, as deter-
mined by Nile red staining, indicating that its localization may vary with expression
level and cellular phenotype. Regardless of the subcellular location of CH25H, it is
widely understood that 25HC is soluble and membrane penetrable, suggesting that it
can exert its antiviral effects in both an autocrine and a paracrine fashion. 25HC
administration limits viral infection in vivo, suggesting an important physiologic rele-
vance for these antiviral effects (12, 13).

The mechanism of action for 25HC is not completely understood. For enveloped
viruses, 25HC is thought to alter the properties of cellular membranes, making them
refractory to fusion with viral membranes. 25HC alters cholesterol dynamics by directly
mobilizing cholesterol from membranes and thereby altering membrane fluidity (36,
37). 25HC may also alter the exposure of phospholipid head groups and lead to

FIG 9 25HC delays reovirus outer capsid cleavage. (A) HeLa cells were pretreated with the vehicle control
or 10 �M 25HC for 12 h prior to infection. Cells were then adsorbed with reovirus T1L at 4°C for 1 h. The
inoculum was removed, and cells were washed two times with PBS to remove unbound virus and
incubated with prewarmed medium at 37°C. At the indicated times after adsorption, the cells were
scraped into PBS, pelleted at 3,000 � g, and resuspended in radioimmunoprecipitation buffer. Lysates
were clarified by centrifugation at 13,000 � g, resolved in 4 to 12% polyacrylamide gels, and transferred
to PVDF membranes. The membranes were probed with a rabbit polyclonal anti-T1L antiserum and an
anti-rabbit horseradish peroxidase-conjugated secondary antibody and visualized using chemilumines-
cence. Data are representative of five independent experiments. (B) HeLa cells were pretreated with the
vehicle control or 10 �M 25HC for 12 h prior to determination of cathepsin L (CatL) activity in cell lysates.
Error bars represent 95% CI of the results of biological replicates.
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membrane expansion (38). As viral fusion mechanisms are dependent on the properties
of the target membrane, including cholesterol content, spacing of phospholipids, and
membrane curvature (39, 40), it is plausible that 25HC disrupts the normal membrane
physiology to prevent fusion. The mechanism of action of 25HC for nonenveloped
viruses, however, is less clear. 25HC has been shown to inhibit infection by HPV, human
rotavirus, human rhinovirus, and now mammalian reoviruses (18). These viruses share
a requirement for receptor-mediated endocytosis and pH-dependent uncoating in late
endosomes (41–43). Our data suggest that 25HC alters the kinetics of trafficking of viral
particles to late endosomes, which results in altered uncoating dynamics and decreased
membrane penetration efficiency. Previous studies suggest that reovirus particles that
do not successfully uncoat in late endosomes traffic to lysosomes (23, 25) or are
shunted to other nonproductive endocytic routes that do not facilitate membrane
penetration (29). Therefore, slight delays in uncoating mediated by 25HC can signifi-
cantly decrease the percentage of cells that become infected and the subsequent
production of viral progeny. Similar results were observed following expression of
another ISG product, IFITM3, which also acts at the entry phase to delay uncoating and
inhibit reovirus infection (30). Together, these studies highlight the reovirus entry
process as being particularly sensitive to inhibition via multiple cellular mechanisms. In
contrast to reovirus, adenovirus, a nonenveloped virus that is not inhibited by 25HC,
also undergoes a pH-dependent uncoating step but is thought to have a more
disruptive membrane penetration process, mediated by the membrane lytic protein VI
(44, 45). This more disruptive process, which is capable of activating the NLRP3
inflammasome, may be sufficient to overcome the restriction mediated by 25HC.

25HC treatment did not alter the infectivity of in vitro-generated reovirus ISVPs.
ISVPs require endocytosis for cell entry but do not require endosomal acidification for
uncoating and membrane penetration (34, 46). Additionally, entry of virions, but not
ISVPs, is sensitive to cholesterol extraction by methyl-�-cyclodextrin (46). Therefore, it
is possible that 25HC exerts its effects against reovirus by mobilizing cholesterol from
endosomal membranes and thereby decreasing the efficiency of endosomal trafficking
or altering the cholesterol-dependent membrane penetration of reovirus virions. How-
ever, HPV infection is cholesterol independent (47), whereas adenovirus type 2 infec-
tion is cholesterol dependent (48). Additionally, filipin staining showed no gross
changes in cellular free cholesterol following 25HC treatment. Therefore, alterations to
cellular cholesterol are likely not the primary mechanism of action of 25HC against all
nonenveloped viruses.

Similar to results with enveloped viruses, 25HC-mediated restriction of reovirus
requires pretreatment of cells for at least 2 h prior to virus adsorption (12) (Fig. 5). This
suggests that 25HC does not exert its effects by directly modifying virus particles but
by altering cellular conditions to become refractory to virus entry. The timing of this
preincubation is consistent with the effects of 25HC in regulating sterol biosynthesis,
via suppression of HMG-CoA reductase (8) or the production of isopentenyl-
pyrophosphate (17). However, also similar to results with enveloped viruses, the
addition of the metabolic intermediate mevalonate did not rescue the effect of 25HC,
suggesting that the restrictive mechanism of 25HC does not act via suppression of
sterol biosynthesis. Additionally, inhibitors of protein prenylation enzymes, including
farnesyltransferase and geranylgeranyltransferase, did not alter reovirus infectivity,
suggesting that 25HC does not act to restrict infection via alterations in cellular
metabolic pathways. Interestingly, the effect of exogenous 25HC on reovirus infection
was not fully dose dependent. This may indicate that a threshold level of 25HC is
sufficient to alter endocytic trafficking patterns enough to disrupt normal viral uncoat-
ing processes, which would be beneficial in limiting virus dissemination from infected
regions following interferon-mediated upregulation of CH25H.

CH25H has emerged as an important component of both cellular metabolism and
antiviral mechanisms. The production of 25HC as a soluble factor that can elicit an
antiviral state in not just the producing cell but in surrounding cells as well allows for
a much broader antiviral response than many other ISG-mediated effects. Indeed, in
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animal models, administration of 25HC is protective against HIV-1 and Zika virus
infection (12, 13), indicating an important physiologic role for this antiviral defense.
Therefore, further investigation of the CH25H system is necessary to inform novel
therapeutic strategies for a wide range of viral pathogens, as well as its implications for
the use of viruses, such as mammalian reoviruses, as oncolytic agents.

MATERIALS AND METHODS
Cells, viruses, and reagents. HeLa cells were maintained in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented to contain 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml of penicillin, 100
�g/ml streptomycin, and 25 ng/ml of amphotericin B (Sigma). L929 cells were maintained in Joklik’s
minimum essential medium supplemented to contain 5% fetal bovine serum, 2 mM L-glutamine, 100
U/ml of penicillin, 100 �g/ml streptomycin, and 25 ng/ml of amphotericin B.

Reovirus strains type 1 Lang (T1L) and type 3 Dearing (T3D) are laboratory stocks. Purified reovirus
virions were generated using second- or third-passage L-cell lysate stocks of twice-plaque-purified
reovirus as described previously (49). Viral particles were Freon extracted from infected cell lysates,
layered onto 1.2- to 1.4-g/cm3 CsCl gradients, and centrifuged at 62,000 � g for 18 h. Bands correspond-
ing to virions (1.36 g/cm3) were collected and dialyzed in virion storage buffer (150 mM NaCl, 15 mM
MgCl2, 10 mM Tris-HCl, pH 7.4). Concentrations of reovirus virions in purified preparations were
determined from an equivalence of 1 optical density (OD) unit at 260 nm equal to 2.1 � 1012 virions (50).
Viral titer was determined by plaque assay using murine L929 cells (51). ISVPs were generated as
described previously (52) and confirmed by SDS-PAGE and Coomassie brilliant blue staining. Rabbit
anti-T3D and anti-T1L antisera were generously provided by Terence S. Dermody (University of Pitts-
burgh). Reovirus cores were generated and transfected as described previously (53). Reovirus particles
were labeled with Alexa 568 by succinimidyl ester labeling as previously described (30).

Plasmids encoding human GFP-tagged CH25H were purchased from OriGene Technologies and
GeneCopoeia. Plasmids encoding Rab7-EGFP and Rab-interacting lysosomal protein (RILP)-EGFP were
obtained from Terence S. Dermody (University of Pittsburgh). R-mevalonic acid, GGTI-298, and FTI-276
were purchased from Sigma-Aldrich.

25HC treatment. 25-Hydroxycholesterol (25HC; Sigma) was dissolved in 95% ethanol (EtOH) at a
concentration of 5 mM and stored at room temperature. At the time of treatment, the 25HC was added
to complete medium at concentrations of 1, 5, and 10 �M. Vehicle control cells were treated with the
corresponding volume of 95% EtOH.

Cell viability assay. Cell viability was assessed using the trypan blue dye exclusion method. L cells
(5 � 104 cells) were seeded onto a 24-well plate and incubated with the EtOH vehicle control or 1, 5, or
10 �M 25HC-conditioned medium for 24 h at 37°C. At 24 h, the cell were trypsinized and treated with
2� trypan blue (Sigma-Aldrich) for 10 min, and the numbers of viable and nonviable cells were
quantified using a hemocytometer.

Fluorescent focus assay. HeLa cells (4 � 104) were grown in 24-well tissue culture plates, pretreated
with 25HC at various times and concentrations, and adsorbed with reovirus strains at various MOIs for
1 h at 4°C. After adsorption, 0.5 ml of fresh medium was added and the cells were incubated at 37°C for
18 h. Cells were fixed with 2% paraformaldehyde for 30 min, washed twice with phosphate-buffered
saline (PBS), and permeabilized and blocked in PBS–2% bovine serum albumin (BSA)– 0.1% Triton X-100
(PBS-T) for at least 1 h at 4°C. The cells were then incubated with rabbit anti-reovirus T1L or T3D
antiserum (1:1,000) in PBS-T for at least 1 h at 4°C, washed three times with PBS-T, and incubated with
an anti-rabbit Alexa 568-conjugated antibody (1:2,000) in PBS-T for at least 1 h at 4°C. The cells were
washed three times with PBS and visualized using fluorescence microscopy. Reovirus antigen-positive
cells were quantified by counting fluorescent cells in at least two random fields of view per well at a
magnification of �113. The total cell number was quantified using background fluorescence or by DAPI
(4=,6-diamidino-2-phenylindole) staining of cell nuclei. The average percent infectivity was calculated for
at least three independently infected wells per experiment, and each experiment was repeated at least
three times. Due to small fluctuations in the percentage of cells infected in mock-treated cells in each
experiment, data across multiple experiments were not combined; one representative experiment is
shown, selected to illustrate levels of infection in mock-treated cells between �20 to 80% to ensure that
potentially both positive and negative effects of treatment could be observed. All effects of treatment
are compared within a given experiment. Note that MOI reflect virus stocks for which titers were
determined on L929 cells; relative MOI on other cell lines may be different based on differences in
infectivity and in the relative sensitivity of focus-forming unit (FFU) assays versus plaque assays. All
cell lines used have been well characterized for their capacity to support productive reovirus
infection (54, 55).

CH25H expression. HeLa cells (4 � 104) were grown in 24-well tissue culture plates and transfected
overnight with constructs expressing CH25H-EGFP using FuGene6 (Promega), as indicated by the
manufacturer. The cells were then infected with reovirus T1L at an MOI of 50 PFU/cell for 18 h,
whereupon cells were analyzed by fluorescent focus assay.

Assessment of virus replication by plaque assay. Cells (4 � 104) grown in 24-well tissue culture
plates were adsorbed with the reovirus strains T1L and T3D at an MOI of 1 PFU/cell for 1 h at 4°C. After
adsorption, the cells were washed two times with PBS and incubated in 0.5 ml of fresh medium at 37°C.
After different time intervals, the cells were freeze-thawed twice and the viral titer was determined by
plaque assay. The viral yields were calculated by dividing the viral titers at the indicated times by the viral
titer at 0 h.
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Analysis of viral disassembly. Cells (5 � 105) grown in 60-mm dishes were pretreated with 25HC
at various times and concentrations and then inoculated with T3D at an MOI of 100 PFU/cell for 1 h at
4°C. The inoculum was removed and the cells were washed two times with PBS and incubated in fresh
prewarmed medium at 37°C. At various times after adsorption, the cells were scraped into 1 ml of
ice-cold PBS and pelleted at 3,000 � g for 5 min at 4°C. The supernatant was aspirated, and the pellet
was resuspended in 100 �l of ice-cold modified radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% sodium deoxycholate, 1% IGEPAL CA-630, 1 mM
phenylmethylsulfonyl fluoride [PMSF]) supplemented with protease inhibitor cocktail (Roche). The lysate
was clarified by centrifugation at 13,000 � g for 10 min at 4°C, and the supernatant was removed to a
fresh tube and frozen at �20°C. Extracts (10 �g of total protein) were resolved by electrophoresis in 4
to 12% Bis-Tris gels and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked overnight at room temperature in PBS–1% Tween 20 (PBS-Tween) containing 5% milk and
incubated with a rabbit anti-T3D antiserum (1:500) in PBS-Tween plus milk at room temperature for 3 h.
The membranes were washed three times for 10 min with PBS-Tween and incubated with an alkaline
phosphatase-conjugated goat anti-rabbit antibody (Bio-Rad) diluted 1:2,000 for 3 h. Following three
washes with PBS-Tween, the membranes were incubated for 5 min with chemiluminescent alkaline
phosphate substrate (Bio-Rad) and visualized using a ChemiDock XRS� molecular imager (Bio-Rad).

qPCR. Cells (5 � 105) grown in 60-mm dishes were adsorbed with T3D in PBS at an MOI of 100
PFU/cell at 4°C for 1 h. The cells were incubated in medium at 37°C for various intervals, removed from
the plates with a scraper, washed once with PBS, and centrifuged at 500 � g for 5 min. The supernatant
was removed, and the cell pellet was frozen at �20°C. RNA was extracted by using an RNeasy Plus RNA
extraction minikit (Qiagen) according to the manufacturer’s instructions. RNA was converted to cDNA by
using an Omniscript RT cDNA synthesis kit (Qiagen) with an oligo(dT) primer, a reovirus L1 minus-strand-
specific primer (5=-GGGCTCTATGCTGTGCTTTC-3=), or a reovirus L1 plus-strand-specific primer (5=-GGGC
GTATCAAGCTAATCCA-3=) according to the manufacturer’s instructions. Quantitative reverse transcrip-
tase PCR (qPCR) was performed by using the Express SYBR GreenER system (Invitrogen). Primers
specific for human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (F primer, 5=-GATCATCAG
CAATGCCTCCT-3=, and R primer, 5=-TGTGGTCATGAGTCCTTCCA-3=) or human CH25H (F primer, 5=-GCTG
GCAACGCAGTATATGA-3=, and R primer, 5=-ACGGAAAGCCAGATGTTGAC-3=) were used at a final concen-
tration of 0.2 �M. Quantification and melt curve analyses were performed according to the
manufacturer’s protocol. For each sample, the CT (threshold cycle) for the RNA of interest was normalized
to that for GAPDH. Fold induction was calculated by comparing normalized CT values (ΔΔCT) of duplicate
cDNA synthesis reactions to those of samples taken at the time of infection (T � 0) for two independent
experiments. For the quantification of reovirus L1 gene segments, samples were normalized to GAPDH
expression levels in matched cDNA synthesized by using an oligo(dT) primer.

Virion binding assay. Cells (106) were plated in 6-well plates at 37°C and treated with 10 �M 25HC
or the vehicle control for 12 h, at which point the cells were removed from the plates using CellStripper
solution (Corning-CellGro), rinsed with PBS, and chilled at 4°C for 1 h. The cells were then adsorbed with
10,000 Alexa 568-labeled reovirus particles/cell at 4°C for 1 h. The inoculum was removed, and the cells
were washed three times with cold PBS to remove unbound virus. The cells were fixed briefly with 2%
paraformaldehyde for 5 min, washed with cold PBS, and analyzed with a BD Accuri C6 flow cytometer.
Cell fluorescence was quantified using BD Accuri C6 software.

Confocal microscopy of reovirus internalization. Cells were plated on glass coverslips (no. 1.5;
Thermo Scientific) in 24-well plates at 37°C overnight. Cells were transfected with plasmids using
Lipofectamine 2000 (Life Sciences) according to the manufacturer’s instructions. After incubation at 37°C
for 16 h, the cells were chilled at 4°C for 1 h. The cells were then adsorbed with 10,000 Alexa 568-labeled
reovirus particles/cell at 4°C for 1 h. The inoculum was removed, and the cells were washed three times
with PBS and either fixed with 2% paraformaldehyde or supplemented with complete medium and
incubated at 37°C for various intervals. Cells were washed once with PBS and fixed for 20 min with 2%
paraformaldehyde, quenched with 0.1 M glycine, and washed three times with PBS. Coverslips were
removed from the wells and placed on slides using ProLong Gold mounting medium (Life Sciences).
Images were captured using a Zeiss LSM710 laser-scanning confocal microscope using a 63� Plan-
Apochromat objective lens. Images were thresholded for pixel intensity, and the pinhole size used was
the same for all fluorophores. All images represent single sections and were adjusted for brightness and
contrast to the same extent. Colocalization analysis was performed using ImageJ, taking into consider-
ation endosomal vesicle size to try to isolate individual endosomes. Virions within the boundary of single
cells were quantified.

Measurement of transferrin uptake. Cells (5 � 104) were plated on coverslips at 37°C and
treated with 10 �M 25HC or the vehicle control for 12 h, at which point they were serum starved
in serum-free DMEM supplemented with 25 mM HEPES and 0.5% BSA for 30 min at 37°C. The cells
were then incubated with 50 �g/ml of Alexa 594-labeled human transferrin (Thermo Fisher) for 5
min at 37°C, at which point they were washed two times with PBS and either fixed in 2%
paraformaldehyde or incubated at 37°C for various intervals prior to fixing, followed by mounting on
slides using ProLong Gold and imaging using a Zeiss LSM710 laser-scanning confocal microscope
with a 63� Plan-Apochromat objective lens.

Measurement of cathepsin L activity. Cells (106) were plated in 6-well plates at 37°C and treated
with 10 �M 25HC or the vehicle control for 12 h, at which point the cells were removed from the plates
using CellStripper solution (Corning-CellGro) and rinsed with PBS, and the cathepsin L activity was
determined fluorometrically using a cathepsin L activity assay kit (Abcam) according to the manufac-
turer’s protocol.
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