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ABSTRACT: Cholesterol is ubiquitous in cells; it plays a critical role in membrane structure and transport as well as in intracellular
trafficking processes. There are suggestions that cholesterol metabolism is linked to innate immunity with inhibitors of DHCR?7, the
last enzyme in the cholesterol pathway, suggested to have potential as viral therapeutics nearly a decade ago. In fact, there are a
number of highly prescribed pharmaceuticals that are off-target inhibitors of DHCR?7, causing increased cellular levels of 7-
dehydrodesmosterol (7-DHD) and 7-dehydrocholesterol (7-DHC). We report here dose—response studies of six such inhibitors on
late-stage cholesterol biosynthesis in Neuro2a cells as well as their effect on infection of vesicular stomatitis virus (VSV). Four of the
test compounds are FDA-approved drugs (cariprazine, trazodone, metoprolol, and tamoxifen), one (ifenprodil) has been the object
of a recent Phase 2b COVID trial, and one (AY9944) is an experimental compound that has seen extensive use as a DHCR?
inhibitor. The three FDA-approved drugs inhibit replication of a GFP-tagged VSV with efficacies that mirror their effect on DHCR?7.
Ifenprodil and AY9944 have complex inhibitory profiles, acting on both DHCR7 and DHCR14, while tamoxifen does not inhibit
DHCR?7 and is toxic to Neuro2a at concentrations where it inhibits the A7—A8 isomerase of the cholesterol pathway. VSV itself
affects the sterol profile in Neuro2a cells, showing a dose—response increase of dehydrolathosterol and lathosterol, the substrates for
DHCR?7, with a corresponding decrease in desmosterol and cholesterol. 7-DHD and 7-DHC are orders of magnitude more
vulnerable to free radical chain oxidation than other sterols as well as polyunsaturated fatty esters, and the effect of these sterols on
viral infection is likely a reflection of this fact of Nature.
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holesterol is a major constituent of the lipids present in Interest in viral replication and late-stage cholesterol

viral envelopes, comprising up to 50% of the lipids biosynthesis," shown in Figure 1, has also been stimulated by
present in some enveloped viruses. Cholesterol also plays an
important role in the intracellular trafficking pathways
commonly required by viruses for replication. Transport of
viral cargo between intracellular compartments is a complex
process that involves recruitment of cargo to membrane Received: March 18, 2022 Phamacology
bilayers, curving donor membranes to form budding vesicles, Published: October 25, 2022 N
and the sorting of vesicles in acceptor organelles. Cholesterol is
critical to each of these steps, playing an important role in
stabilizing membranes and in the formation of aggregate
membrane structures involved in some of the transfers.

reports linking pharmacological inhibition of key steps in the

transformations to a decrease in viral infections. 7-DHC, the
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Figure 1. Post-lanosterol sterols and enzymes that catalyze the transformations (in red). The Bloch pathway from lanosterol to desmosterol is
connected to the Kandutsch—Russell sterols (that include 7-DHC and cholesterol) via transformations promoted by DHCR24. The conjugated
diene sterols,14-dZym, 14-dZyme, 7-DHD, and 7-DHC are particularly vulnerable to free radical peroxidation.
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Figure 2. Structures and 7-DHC Z-scores for compounds studied. Cariprazine, trazodone, and metoprolol are FDA-approved drugs.

enzymatic product of DHCR?7, has recently been reported to oxidative chains from PUFAs to sterols. The cellular protective
inhibit various viral infections” following Yang’s proposal a response to a ferroptotic oxidative stress is upregulation of
decade ago that DHCR?7 is a potential target for antiviral genes coding enzymes before 7-DHC and 7-DHD on the
development.’ biosynthesis pathway and downregulation of DHCR7.'® The
The structural differences between 7-DHC and cholesterol result of such a response is a change in the cellular sterol
are minimal, the compounds differing by only 2 hydrogen profile, with a presumed decrease in sterols biosynthesized
atoms. They have the same physical properties and hydro- after DHCR? in the pathway (desmosterol and cholesterol)
phobic character, but the chemical difference between these and an increase in levels of sterols before DHCR7 (7-DHC

two isosteric lipids could not be more stark. Cholesterol and 7- and 7-DHD).
DHC both undergo free radical oxidation (lipid peroxida- Oxidative stress has been associated with viral infections in
tion),*”” but 7-DHC is over 200 times more reactive than numerous studies, including evidence for the formation of
cholesterol in its reaction with membrane phospholipid- peroxidation biomarkers from studies of VSV and RSV
derived peroxyl radicals.*'® 7-DHC and its Bloch pathway infections and in the analysis of plasma from COVID-19
analogue 7-DHD (Figure 1) are Nature’s most oxidizable patients. If ferroptosis is a consequence of viral oxidative
lipids. " stress,’”~*" 7-DHC and 7-DHD”' may provide a critical
Recent important studies have suggested that the excep- response to infection. Indeed, the identification of over-
tional reactivity of 7-DHC plays a role in mediating ferroptosis, abundant 7-DHC in replicating Hepatitis B cells by untargeted
a form of programmed cell death.”””"* 7-DHC and 7-DHD, lipid profiling over a decade ago may have provided the first
being orders of magnitude more vulnerable to free radical example of such a cellular response.”” From this perspective,
oxidation than polyunsaturated fatty (PUFA) ester phospho- the efficacy of DHCR?7 inhibitors such as AY9944>" and the
lipids, apparently serve sacrificial roles by diverting membrane FDA-approved drugs described here may come from the
1087 https://doi.org/10.1021/acsptsci.2c00051
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Figure 3. Dose—response of sterols and VSV-eGFP fluorescence after drug treatment of Neuro2a cells. (A—E) Sterols were assayed by LC/MS in
nmol/million cells after a 24 h drug treatment and values presented here (n = 8) were normalized vs cholesterol, with the value for no drug set as
100%. Control levels of desmosterol in Neuro2a without drug are ~30% of cholesterol. Only those sterols that undergo significant change as a
result of drug treatment are shown. (F—J) Normalized fluorescence total integrated intensity of infected cells vs drug concentration. Cells were
pretreated for 6 h with drug, followed by 0.1 MOI of VSV-eGFP for 1 h. After the removal of virus and further treatment with drug for 15 h, cells

were fixed and assayed with an ImageXpress Pico instrument.

stabilizing effect of 7-DHD and 7-DHC on cellular membrane
structures, their introduction by pharmacology providing
sentries that protect membrane bilayers from radical assault.

There are a number of recent screening studies that have
identified more than a handful of FDA-approved drugs that
inhibit DHCR7 and increase cellular levels of 7-DHC at
nanomolar concentrations.”>”>* In one study of a 1000
compound library of biologically active compounds, including
many FDA-approved drugs, over 5% of the compounds tested
showed some activity as inhibitors of DHCR7,** as measured
by the Z-score for increase in 7-DHC over 24 h in Neuro2a
cells at 1 uM drug.

We report here dose—response studies of three of these
FDA-approved drugs, cariprazine, trazodone, and metoprolol,
that cover a range of 7-DHC Z-scores, (Figure 2), along with
investigations of these compounds as potential inhibitors of
viral replication in cell culture. We used the enhanced green
fluorescent protein (GFP)-encoding VSV (VSV-eGFP)™ to
allow us to readily track the infection in cultured cells treated
with various doses of the above drugs. We also investigated
two compounds of interest, ifenprodil and AY9944, that are
not approved for human use in the US. Ifenprodil was recently
investigated in a Phase 2b study as a potential COVID-19
antiviral, and AY9944 has a history of use in cells and rodents
as a DHCR? inhibitor.>°>? In fact, earlier studies on DHCR?
inhibition as an antiviral strategy used only AY9944 to support
DHCR? efficacy,”” in one case showing increased survival for
AY9944 treated mice exposed to VSV and HIN1.”

B RESULTS

Dose—Response Effects of Drugs on Cholesterol
Biosynthesis. The effects of viral infections by VSV and the
small molecules cariprazine, trazodone, metoprolol, ifenprodil,
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and AY9944 on cholesterol biosynthesis were studied in a
neuroblastoma cell line, Neuro2a. Sterol levels in these cells are
high enough that they can be conveniently measured in a 96-
well format, and Neuro2a cellular sterol profiles correlate
reasonably well with sterol profiles in the serum of individuals
taking a drug, as do sterol profiles in tissues and fluids of
exposed rodent.””** We have results similar to those reported
here in Neuro2a and A549 cells, cultured cortical neurons, and
human skin fibroblasts, but systematic studies in these cells
have not yet been pursued.

An advantage found in the use of Neuro2a and the 96-well
format was the fact that multiple conditions and exposures
could be explored in a matter of days and weeks. Thus, the
time course for changes in the level of the 12 sterols shown in
Figure 1 was monitored by LC/MS (n > 6) for periods of time
up to 24 h. The effect on the levels of the sterols shown in
Figure 3 was observed after only 6 h of treatment, and
perturbed sterol profiles were maintained throughout 24 h of
drug exposure. The sterol levels shown in the figure are
normalized with the cholesterol level set at 100% with no drug.
The level of sterols in cells showed some variations from cell
batch to batch (between 10 and 14 nmol/million cells), but
the normalized sterol levels vs cholesterol/no drug were
generally reproducible.

The three FDA-approved drugs, cariprazine, trazodone, and
metoprolol, shown in Figure 3A—C, displayed relatively simple
dose—responses that were confined to changes in desmosterol
(Des), 7-dehydrodesmosterol (7-DHD), and 7-DHC. Good
dose—response fits based on decreases in Des vs drug
concentration showed potency of cariprazine (Z = 230, ICs,
= 1.4 nM) that was greater than trazodone (Z = 171, IC,, = 33
nM), which was in turn greater than metoprolol (Z = 63, ICy,
=208 nM). Drugs generally affected levels of 7-DHD at lower
concentrations than was the case for 7-DHC, and there were

https://doi.org/10.1021/acsptsci.2c00051
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Figure 4. Fluorescent images and immunoblots of Neuro2a cells infected with VSV-eGFP in the presence of drugs. (A—C) Images (10X) of
Neuro2a cells treated with 0.1 MOI VSV-eGFP, control vs VSV + 100 nM cariprazine or AY9944. (D—F) 20X images of Neuro2a treated with 0.1
MOI VSV-eGFP, control vs VSV + 1 uM metoprolol or trazodone. (G, H) Immunoblots of VSV-eGFP proteins (GFP and the VSV-N protein) vs

P-actin isolated from cells with 0 to 100 nM cariprazine.

significant differences in the ratio of 7-DHD/7-DHC vs
concentration for different drugs. This was likely due to
differential effects of the drugs on DHCR7 and DHCR24,
coupled with the dominant biosynthesis proceeding along the
Bloch arm of the pathway in Neuro2a, see Figure 1. Decreases
observed for desmosterol at low drug levels are consistent with
the notion that the action of DHCR?7 is dominant at these
concentrations. DHCR24 still functions to convert desmoster-
ol to cholesterol in these conditions, and steady-state levels of
desmosterol decrease.

Ifenprodil and AY9944 treatments resulted in a more
complex change in Neuro2a sterol profiles. Both of these
compounds caused increases in 7-DHD and 7-DHC at
concentrations between 1 and 10 nM, similar to the effect of
cariprazine. In contrast to cariprazine, trazodone, and
metoprolol, however, drug concentrations of ifenprodil and
AY9944 above 100 nM caused a decrease in 7-DHD and 7-
DHC, with a corresponding increase in two precursor sterols,
14-dehydrozymosterol (cholesta-8,14,24-trienol,14-dZym) and
14-dZyme (cholesta-8,14-dienol,14-dZym), see Figure 1 for
structures. These results can be understood based upon the
inhibition of DHCR?7 at low drug concentrations with an effect
on DHCRI14 as concentrations exceed 100 nM.

Drug Effects on VSV Infections. We made use of VSV-
eGFP*”*¥% to examine the effect of the drugs shown in Figure
2 on VSV infection in Neuro2a cells. These experiments were
carried out in 96-well plates to explore a variety of conditions
to find combinations of drug and virus that gave reproducible
(n > 6) changes in VSV viral fluorescence and sterol profiles.

Neuro2a cells tolerated VSV-eGFP exposures when treated
with different concentrations of drugs over extended time
periods. In a typical experiment, cells were incubated with
various drug concentrations for 6 h, followed by infection with
0.1 MOI of VSV-eGFP. After 1 h of VSV-eGFP exposure, the
virus was replaced with medium containing drug, and
incubations were continued for 15 h. Cells were then fixed,
imaged for fluorescence, and counted (Hoechst) on an
ImageXpress Pico instrument. Fluorescence levels and cell
counts were monitored with virus alone or the combination of
drug and virus, and the GFP total integrated fluorescence of
infected cells was measured under these conditions as a
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function of drug concentration. Cell counts generally mirrored
independent measures (alamarBlue) of cell viability.

Figure 3F—]J shows the dose—responses of viral fluorescence
for five of the compounds tested. The three FDA-approved
drugs gave good dose—response fits with values of total
integrated intensity that decreased at the highest drug
concentrations to around 70% of the value for VSV-eGFP
treatment alone. ICsys found for dose—response of viral
fluorescence for these drugs were in the same order as the
ICsos determined for changes in sterols. Thus, cariprazine had
a (sterol ICs,) = 1.4 nM vs (viral fluorescence ICy,) = 3.9 nM,
while the comparable values for trazodone were (sterol IC,) =
33 nM vs (viral ICy) = 23 nM, and for metoprolol, (sterol
ICy) = 208 nM vs (viral ICyy) = 180 nM. The viral response
to treatments of infected cells with ifenprodil and AY9944,
Figure 3L], showed a decrease of fluorescence values to 30—
40% that of untreated cells, lower than the values found for the
FDA-approved drugs (70%). Fitting the viral fluorescence data
to a dose—response scheme gave results that were not as good
for AY9944 and ifenprodil as those obtained for the FDA-
approved drugs, a result that may be related to the complex
sterol-concentration profiles for these compounds. Modest
declines in cell counts were found for the highest
concentrations of metoprolol, ifenprodil, and AY9944. Figures
S2—S4 provide evidence that cell counts are a good read-out
for viability. Figure 4A—F presents fluorescence images of
Neuro2a cells infected with VSV-eGFP as described above, and
Figure 4G,H shows immunoblots for GFP and the VSV-N viral
protein as a function of cariprazine treatment.

We note that Xiao et al. suggested that tamoxifen has
antiviral properties similar to AY9944” and attributed this to its
DHCR?7 inhibitory activity. Other studies have indicated,
however, that tamoxifen inhibits EBP (A7—AS8 isomer-
ase),””*" and in our hands, tamoxifen did not affect 7-DHD
and 7-DHC levels in Neuro2a, see Figure S4. Rather, levels of
zymosterol and zymostenol increased at concentrations greater
than 25 nM, supporting the notion that the main target of
tamoxifen was EBP.*>*’ The combination of tamoxifen and
VSV-eGFP was also toxic to these cells under our standard
conditions of incubation. Figure S4 shows that viral GFP
fluorescence and cell counts both showed sharp declines at

https://doi.org/10.1021/acsptsci.2c00051
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Figure 5. Neuro2a cells treated with drugs and infected with VSV-eGFP. Neuro2a cells were treated with drugs and 0.1 MOI VSV-eGFP, as
described in Figure S. Cell culture supernatants were collected, and viral titers (PFU/ml) were measured in BHK-21 cells. Viral titers (expressed as
%) relative to the no-drug treatment control are shown for (A) Cariprazine, (B) Trazodone, (C) Ifenprodil, and (D) AY9944.

concentrations of tamoxifen over 100 nM, calling into question
the antiviral activity suggested for this compound.”

Since the viral protein expression in infected cells was
negatively affected by the drug treatments, we next examined if
infectious viral progeny production was also similarly affected
in the presence of the drugs. Following Neuro2a drug
treatment of VSV-eGFP infected cells, supernatants were
harvested, and VSV titers were determined by plaque assay.
VSV titers decreased in a drug-dependent manner for all drugs,
see Figure 5, with the effect of treatment on viral titers much
more consequential than the fluorescence decreases shown for
incubations of drugs and VSV-eGFP, Figure 3. Thus, the titer
decreases at the highest doses were 8-fold for trazodone, 11-
fold for cariprazine, and over 30-fold for both ifenprodil and
AY9944. The viral titer response to drug concentration is also
of interest, with potencies based on 50% titer reduction in the
order trazodone (ICg, ~ 150 nM) < AY9944 (ICs, ~ 10 nM)
= cariprazine (IC5, ~ 10 nM) <ifenprodil (ICs, < 10 nM).

B DISCUSSION

Sterol Dose—Responses. There are over two dozen steps
required to produce cholesterol from acetate, and drugs that
modulate many of these steps and perturb sterol homeostasis
are known. Statins target cholesterol formation at the first
committed step of biosynthesis, essentially shutting down the
formation of any isoprenoid products, but a number of drugs
have been found that inhibit late-stage transformations in the
process. Inhibitors of DHCR?7, the last enzyme in the post-
lanosterol stage, have been of interest since DHCR? is linked
to a neurodevelopmental disorder, Smith—Lemli—Opitz
syndrome (SLOS).*"** Over 200 pathogenic mutations of
the gene that encodes DHCR?7 have been reported,” ™" and a
carrier frequency of up to 3% has been suggested.** Individuals
who inherit two pathogenic DHCR?7 alleles have elevated
levels of 7-DHC in tissues and fluids, a diagnostic feature of
SLOS. A rodent model of SLOS, based on the treatment of
pregnant rats with AY9944,”"°>*"~* has been developed with
elevated levels of 7-DHC found in tissues and fluids in the
pups from treated animals.

The suggestionz’3 that targeting DHCR7 with AY9944
eliminated infection of a number of viruses called attention to
the potential involvement of DHCR?7 in viral replication, and
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7-DHC itself has been shown to protect cultured cells from
VSV infection.” This, and the fact that dozens of FDA-
approved drugs cause increases in cellular levels of 7-
DHC**** prompted us to re-examine the effects of a selection
of “DHCR7 active” compounds in an established viral
mode] 2293536

three of which are FDA-approved drugs, cariprazine,
trazodone, and metoprolol. Cariprazine, having one of the
highest DHCR?7 Z-scores of compounds tested, is marketed in
the US to treat schizophrenia and bipolar depression.
Trazodone is also a potent DHCR?7 inhibitor. It is a serotonin
receptor antagonist and reuptake inhibitor, prescribed for

We selected five compounds for further study,

depression and off-label as a sleep aid over 20 million times a
year. Metoprolol is a f-blocker, prescribed over 80 million
times a year in the US for hypertension and angina. Based on
our initial screening studies, metoprolol showed significant
activity, although its potency (Z = 63) was significantly lower
than any of the other compounds studied here.

The results of the study of the three FDA-approved drugs
gave good dose—response fits that showed the same order of
activities found in the sterol screening study (Figure 3A—C),
found in viral fluorescence ICggs, with decreasing activity in the
order metoprolol >trazodone >cariprazine (Figure 3F—H). In
contrast, ifenprodil and AY9944 gave results consistent with
inhibition of both DHCR7 and DHCR14 (Figure 3D—E), a
reductase enzyme earlier in the biosynthetic cascade, Figure 1.
The reductase enzymes DHCR7 and DHCR14 show a high
level of sequence homology,” along with lamin-B receptor
(LBR). DHCR14 and LBR both reduce the sterol A14 double
bond, the former being a tunable protein, the latter
constitutively,”® so the fact that a molecule can inhibit the
transformations of each of these reductases is not surprising.
Indeed, AY9944, haloperidol, and ziprasidone have been
previously reported to inhibit both DHCR7 and DHCRI14 in
HL-60 cells””"* and cortical neurons.>” As shown in Figure
3, the two-stage inhibition of DHCR7 and DHCRI14 by
AY9944 and ifenprodil give dose—response maxima for 7-
DHC and 7-DHD at approximately 100 nM in Neuro2a cells.
Both of these compounds affect DHCR7 at concentrations
similar to cariprazine, so 1—10 nM of the three compounds
give similar sterol profiles. But above 100 nM of ifenprodil or
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AY9944, cellular levels of 14-dZym and 14-dZyme increase at
the expense of 7-DHC and 7-DHD.

Neuro2a-VSV Infections. Cariprazine, trazodone, and
metoprolol caused a decrease of the VSV-eGFP total
integrated fluorescence of infected cells to about 70% of the
value of untreated cells after 15 h of exposure to 0.1 MOI VSV-
eGFP. Cell morphology appeared to be unchanged after
treatment as well, showing no evidence of significant toxicity.
AY9944 and ifenprodil also reduced the GFP fluorescence of
infected cells compared to untreated cells, with fluorescence
levels decreasing to roughly 40% of the values found for
untreated cells.

Plaque-forming assays gave results that were consistent with
reduced VSV infection at concentrations above the ICs, for
cariprazine, trazodone, ifenprodil, and AY9944, as were
immunoblots of GFP and the viral N protein in treated cells,
see Figures 4 and S. The fact that the PFU studies showed a
reduction in virion production up to 30-fold for ifenprodil and
AY9944 during a 15 h incubation is noteworthy since this is
the standard commonly used to determine drug efficacy. In this
regard, it is notable that both the fluorescence assay, Figure
3L), and PFU studies, Figure 5C,D, show greater antiviral
activity for ifenprodil and AY9944, the dual enzyme inhibitors.

Ifenprodil is of particular interest because of the disclosure
of topline findings of a Phase 2b COVID-19 trial (04/26/2021,
Algernon Pharmaceuticals). The findings for hospitalized
patients of this trial included improved all-cause mortality,
return to normal oxygen levels, and time spent in ICU in the
20 mg dose arm of the trial. While these data showed promise,
the efficacy of the drug was called into question by the
disclosure that higher dose ifenprodil treatments showed no
change in clinical outcomes. A number of other reports of
small molecule antivirals have been made that may now be
interpreted based on their effect on sterol homeostasis. A
recent screen for antiviral activity of Niemann—Pick-C disease
mimetics notably identiﬁed several active compounds that are
common to our screens.”’ Claims of antiviral properties have
also been made for amiodarone®>*° and clomiphene®’
compounds that affect steps in biosynthesis other than
DHCR?7 and DHCRI14. Recent disclosures of antiviral effects
of the psychotropic approved drug fluvoxamine prompted us to
examine this compound in our sterol and VSV-eGFP
fluorescence screens, but we found no activity of the
compound on GFP fluorescence or sterol levels at concen-
trations below 1000 nM, with a very small increase in
zymosterol, zymostenol, and 7-DHD at 5000 nM.

Sterols and Viral Replication. The results of our efforts
support proposals that link sterol biosynthesis inhibition with
antiviral activity.”> We emphasize that the DHCR? inhibitors
studied here affect cellular levels of 7-DHD, 7-DHC,
desmosterol, and cholesterol, and it may be premature to
assign “activity” at this juncture. Indeed, the fact that DHCR14
is also a target for some of the compounds studied is an
additional complication, with 14-dZym and 14-dZyme
becoming prominent cellular constituents at higher concen-
trations of ifenprodil and AY9944. It is nevertheless notable
that 7-DHC itself has been observed to have antiviral effects
against VSV in cell culture.” It therefore seems reasonable to
ask how the introduction of sterols like 7-DHD, 7-DHC, 14-
dZym, and 14-dZyme into the cellular lipidome may affect viral
infections. The lipid compositions of VSV**~%* closely
resemble that of its infected host plasma membranes, with
cholesterol making up over 50% of the envelope lipids.****
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The pairing of cell and virus may be an important determinant
in drug efficacy, and VSV-Neuro2a may be a good pair since
Neuro2a has active cholesterol biosynthesis and VSV has high
sterol levels in its envelope. At any rate, virion particle stability,
survival, and infectivity may be compromised if the lipid
envelope is derived from “DHCR7 and DHCR14 compro-
mised” cells that are producing oxidatively vulnerable 7-DHC,
7-DHD, 14-dZym, and 14-dZyme instead of cholesterol and
desmosterol.

Most enveloped viruses enter cells by direct fusion of their
envelope with the plasma membrane or through endocytic
entry and exit cells by exocytosis or budding from the plasma
membrane. Cholesterol plays an important role in all of these
steps since membrane bilayer structure and stability are
critically important to these processes.”*”™® Likewise, many
viruses use cholesterol-rich plasma membrane lipid raft
microdomains to bud from the infected host cells,’”~"" and
cholesterol is important for intracellular trafficking processes
for the assembly of replication complexes and for viral genome
replication.”””?

Conditions that alter homeostasis and introduce
oxidatively reactive sterols into the cellular lipidome have the
potential to perturb critical steps in the infection process.
Indeed, there is evidence that cellular 7-DHC gives highly
reactive electrophilic oxysterols upon peroxidation, see Figure
6A.7°7° These species adduct to several lipid synthesis and

3,74,75

A
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7-DHD ROS HO ~__:Nu-Protein

R=H, OH
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or [0} e
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Figure 6. Sterol-derived electrophiles. (A) Epoxide formed from 7-
DHC and 7-DHD peroxidation. (B) Predicted 14-dZyme-derived
electrophile. ROS = reactive oxygen species.

transport proteins,80 prominent among these proteins being
constituents of COPI, the transport complexSl_83 involved in
traffic between the Golgi and endoplasmic reticulum and
ACSL4, an acyl-CoA synthetase. ACSL4 enriches cellular
membranes with long-chain PUFA fatty esters®”®* and shapes
cellular lipid composition, influencing cellular sensitivity to
ferroptosis, a form of regulated cell death. 1215 7 DHC-derived
adducts of FASD2 and LPCATS3, other lipid synthesis proteins
linked to ferroptosis,””** have also been observed.*” There is
reason to believe that 14-dehydrosterols like 14-dZym and 14-
dZyme would also form reactive sterol electrophiles under
peroxidation conditions, although the free radical chemistry of
these sterols has not been explored in detail. Conjugated
dienes like those present in these structures typically undergo
peroxyl radical addition reactions, givmg reactive allylic
epoxide electrophiles, as shown in Figure 6B.%

It is of interest that changes in the Neuro2a sterol profile
occurred after VSV treatment alone, see Figures S5 and S6.
The effect on desmosterol was dramatic, with levels falling over
50% after 24 h of exposure to 0.1 MOI VSV. The decrease of
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cholesterol to 60% of control levels was also significant under
these conditions. But the increases in cellular lathosterol and
dehydrolathosterol found as a result of infection indicate a
response to viral exposure that is consistent with disruption at
a late step in the biosynthesis, in this case, at SC5D. 7-DHD
and 7-DHC levels are very low in Neuro2 cells, and their
steady-state levels may not reflect any changes of DHCR?
activity that result from infection.

Finally, we emphasize the importance of the earlier AY9944
antiviral studies.”” Our work shows that with VSV in Neuro2a
cells, the effect can be generalized beyond AY9944 and
underlines the fact that multiple sterol biosynthesis enzymes
may be affected by the inhibitors. We also emphasize the
unusual vulnerability of sterols that are substrates for DHCR?7
and DHCR14 to free radical chain peroxidation and oxysterol
formation. The effect of these conjugated diene sterols on
virion stability, intracellular trafficking processes, and the
protection of membrane phospholipids from peroxidation all
rely on the fact that if present in the lipidome, they will
dominate radical chain reactions.

B MATERIALS AND METHODS

Chemicals. Unless otherwise noted, all chemicals were
purchased from Sigma-Aldrich Co (St. Louis, MO). HPLC
grade solvents were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA). The derivatizing reagents 2-methyl-6-
nitrobenzoic anhydride and N,N-dimethylglycine were pur-
chased from Combi-Blocks (San Diego, CA). Trazodone,
cariprazine, metoprolol, and ifenprodil were obtained from
Selleck Chemicals (Houston, TX). AY9944 was synthesized by
the Vanderbilt University Synthesis Core. All deuterated sterol
standards were synthesized as previously described (34) and
are available from Kerafast, Inc. (Boston, MA).

Cell Cultures, VSV Infection, ImageXpress, and
Preparation for LC-MS/MS. Mouse neuroblastoma cell line
Neuro2a was purchased from ATCC (Rockville, MD). The
Neuro2a cells were maintained in EMEM supplemented with
10% FBS and kept at 37 °C in a 5% CO, cell culture incubator.
Cells were subcultured once a week, and the culture medium
was changed every 2 days. Most experiments were done with
the cells plated in 96-well plates (for cell viability, sterol
analysis, VSV infection). To analyze the effects of compounds
on cellular sterol synthesis, the cultures were grown in a
defined medium without cholesterol and without lipids using
EMEM with N2 supplement (Gibco, Thermo Fisher
Scientific). At the end point of the incubation, Hoechst dye
was added to all wells in the 96-well plate, and the total
number of cells was counted using an ImageXpress Pico and
cell counting algorithm in CellReporterXpress. After removing
the medium, wells were rinsed with 1X PBS, and 10 uL of
butylated hydroxytoluene-/triphenylphosphine (BHT/PPh;)
was added to each well, and the plates were stored at —80 °C
for sterol analysis. All samples were analyzed within 2 weeks of
freezing. Sterol levels were analyzed in individual wells, and, for
most experiments, cellular levels correspond to the average of
8—12 technical replicates. Sterols in individual wells were
normalized to the total cell count within the well VSV
infections: VSV-eGFP was prepared as previously described.”
For measuring the effects of VSV on sterol synthesis in cells,
Neuro2a cells were plated in a 96-well plate in EMEM plus
10% FBS. Several hours after cells adhered to the plate, the
medium was changed into EMEM plus N2 supplement, and
cells were kept in the cell culture incubator overnight. For each
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experiment, several 96-well plates were prepared. One plate
was used to count cells just before VSV infection to calculate
the multiplicity of infection (MOI). Cells were infected with
different MOI (0.001, 0.01, 0.1) of VSV for 1 h, at which time
the medium with VSV was removed, fresh medium was added,
and the cultures were incubated for different times, as shown in
the Results section and figures. At the end of the experiment,
Hoechst was added to the plates, followed by imaging in
ImageXpress Pico. Medium was removed, plates were rinsed
with 1X PBS and 70% EtOH with butylated hydroxytoluene,
and triphenylphosphine (BHT/ PPh;) was added to the plates,
followed by incubation at 60 °C for 2 min. The plates were
stored at —80 °C for sterol analysis. Cell Viability. In addition
to cell counting, alamarBlue was used to monitor cell viability.
At the end point, alamarBlue was added to individual wells in a
96-well plate, and the plates were incubated for 3 h at 37 °C in
the 5% CO, cell culture incubator. Fluorescence was read on a
SpectraMax fluorescence microplate reader (Molecular Devi-
ces, San Jose, CA) with excitation/emission 530/590 nm.

For the analysis of drug effects on VSV infections, cells were
plated in a 96-well plate in EMEM plus 10% FBS. After
overnight culture, the medium was replaced with EMEM plus
N2 supplement plus/minus different concentrations of drugs
and cultures incubated for 6 h at 37 °C in a 5% CO, cell
culture incubator. One extra plate was used to count the total
number of cells for accurate calculation of VSV MOI. The
cultures were infected for 1 h with VSV MOI 0.1. After 1 h, the
medium was completely replaced with fresh EMEM plus N2
supplement plus/minus pharmaceuticals, and cultures were
kept for additional 14 h at 37 °C in a 5% CO, cell culture
incubator. At the end of the experiment, Hoechst dye was
added to the plates, and plates were imaged on ImageXpress
Pico using 10X and 20X Plan Fluor objective and GFP and
DAPI channels. VSV-eGFP fluorescence and nuclei were
imaged using the Multiwavelength Cell Scoring application
within CellReporterXpress. Total integrated intensity measure-
ment was used for analyzing the effects of compounds on VSV
infection. The effects of compounds on VSV infection were
analyzed in Neuro2a grown for different lengths of time: 15,
18, and 24 h. The results were similar for all time points. Each
experiment was repeated at least three times. Data are shown
for one representative experiment.

Plaque Assays. BHK-21 cells were grown in 12- or 6-well
plates to 90% confluency. Cells were infected in duplicates,
with serial 10-fold dilutions of cell culture supernatants. After
an initial adsorption of 1 h, the inoculum was aspirated out,
and cells were overlaid with 1.5 mL of medium containing 1%
low-melting-point agarose and incubated for 15—18 h. After
the incubation period, cells were fixed with 1 mL of 10%
formaldehyde for 1 h at room temperature. The agarose plugs
were removed, and the cells were stained for 10—15 min with
0.01% crystal violet in 30% methanol. Cells were washed with
water and air-dried. The plaques were counted, and titers were
determined.

Western Blotting. For western blotting, Neuro2a cells
were grown in 60 mm dishes in a defined medium, as described
above. The cells were infected with VSV-eGFP as above. At the
end of the experiment, cells were rinsed twice with 1X PBS,
scraped, and pelleted by centrifugation at 4 °C. The cell pellets
were homogenized by sonication in ice-cold RIPA lysis buffer
(VWR International, Radnor, PA) plus phosphatase inhibitors
(Sigma-Aldrich) and protease inhibitors (Thermo Fisher
Scientific) and incubated on ice for 30 min. To clear the
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lysates, the samples were spun at 14,000g at 4 °C for S min to
pellet the debris. The total protein of the supernatant was
quantified with Pierce BCA assay (Thermo Fisher Scientific),
reading absorbance at 562 nm using a SpectraMax Plus 384
(Molecular Devices). Equal amounts of protein from each
sample were mixed with reducing reagent and loading buffer
and heated to 70 °C for 10 min. Proteins were separated on
NuPAGE 4-12% Bis-Tris protein gels (Thermo Fisher
Scientific). Prestained protein was used to evaluate the
molecular weight. The Bio-Rad Mini Trans-Blot Electro-
phoretic Transfer Cell was used for the electrophoretic transfer
using the polyvinylidene difluoride membranes (Immobilon-P
PVDF Membrane, Sigma-Aldrich) and transfer buffer (25 mM
Tris-Cl, 192 mM glycine and 20% (v/v) methanol (pH 8.3)).
Following transfer, PVDF membranes were blocked in 5% milk
in TBS (50 mM Tris-Cl, 150 mM NaCl, pH 7.5) with 0.05%
Igepal (Spectrum Chemical, New Brunswick, NJ) and
incubated in primary antibodies (anti-VSV antibody) or anti-
GFP (Santa Cruz) antibody overnight at +4 °C and secondary
antibodies at room temperature for 1 h. Western blots were
developed using Azure’s Radiance substrate, imaged on Azure
C300 with the cSeries Capture software, and saved as TIFF
images (Azure Biosystems).

Extraction of Sterols. A stock solution of deuterated
standards was made containing 300 M d7-Chol, 30 uM d6-
Lan, d7-dHLan, and 3 uM d7—7-DHC, d7-8-DHC, d6-Des,
d6-7-DHD, d6-8-DHD, d7-Lath, d6-DHL, d7-Zyme, d6-Zym,
d7-14d-Zyme, d6-14d-Zym in MeOH. The stock solution of
standards contained 1% (v/v) Et;N and an antioxidant mixture
(BHT and PPh;) to prevent isomerization and/or oxidation.
The antioxidant mixture contained BHT (2.5 mg/mL) and
PPh, (1 mg/mL) in EtOH. N.B. 7-DHC and 7-DHD undergo
air oxidation readily when concentrated in the atmosphere.
Appropriate care should be taken, or samples and isotopically
labeled standards will be contaminated with oxidation
products.

At the conclusion of the experiment, the plates were treated
with the antioxidant mixture (10 uL/well) and stored at —80
°C for sterol analysis. Plates containing VSV were treated with
70% EtOH with BHT/PPh, (100 L), followed by incubation
at 60 °C for 2 min to kill the virus. The plates were stored at
—80 °C for sterol analysis. To each well of the 96-well plate
was added the standard mixture (10 L) and MeOH (100 xL).
The plate was agitated on a shaker for 20 min and then allowed
to rest to settle cell debris. The MeOH was transferred to a 96-
well MS analysis plate, dried under vacuum, and derivatized as
described below.

Derivatization and LC-MS/MS Analysis of Sterols. The
derivatizing reagent was freshly prepared with 2-methyl-6-
nitrobenzoic anhydride (20 mg), N,N-dimethylglycine, DMG
(14 mg), dimethylaminopyridine, DMAP (6 mg), and
triethylamine, Et;N (0.1 mL) in anhydrous CHCl; (0.9 mL).
To each sample was added derivatizing reagent (100 uL) and
the mixture was allowed to react at room temperature for 30
min. The samples were dried under vacuum and subsequently
dissolved in MeOH (100 uL) for LC-MS/MS analysis.
Samples were analyzed on an Acquity UPLC system equipped
with ANSI-compliant well plate holder. The sterols (10 uL
injection) were analyzed on an Agilent Poroshell EC-C18 (10
cm X 2.1 mm, 1.9 pm) with CH;CN/MeOH/H20, 70:25:5
(0.01% (v) formic acid, 1 mM NH,OAc) mobile phase at a
column temperature of 40 °C. The flow rate was 400 yL/min
for 11.5 min and then ramped to 600 ¢L/min at 11.6 min with
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a total run time of 16 min. A TSQ Quantum Ultra tandem
mass spectrometer (Thermo Fisher) was used for MS
detections, and data were acquired with a Finnigan Xcalibur
software package. Selected reaction monitoring (SRM) of the
DMG derivatives was acquired in the positive ion mode using
electrospray ionization (ESI). MS parameters were optimized
using DMG-Chol and were as follows: spray voltage at 4500 V,
capillary temperature at 300 °C, auxiliary nitrogen gas pressure
at S5 psi, and sheath gas pressure at 60 psi. Collision energy
(CE) was optimized for each sterol under a collision gas
pressure of 1.5 mTorr. The monitored transitions are listed in
the Supporting Information (Table S1). Endogenous sterol
levels were quantified based on the known matched deuterated
standard amount and then normalized to cell count.
Statistical Analyses. Statistical analyses were performed
using GraphPad Prism 8 for Windows. Unpaired two-tailed t-
tests were performed for individual comparisons between two
groups. Welch’s correction was employed when the variance
between the two groups was significantly different. One-Way
ANOVA analyses were performed for comparisons between
three or more groups. The p-values for statistically significant

differences are highlighted in the figure legend.
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