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ABSTRACT Oncogenic gammaherpesviruses express viral products during latent and
Iytic infection that block the innate immune response. Previously, we found that Kaposi's
sarcoma herpesvirus (KSHV/human herpesvirus-8) viral microRNAs (miRNAs) downregulate
cholesterol biogenesis, and we hypothesized that this prevents the production of
25-hydroxycholesterol (25HC), a cholesterol derivative. 25HC blocks KSHV de novo
infection of primary endothelial cells at a postentry step and decreases viral gene expression
of LANA (latency-associated nuclear antigen) and RTA. Herein we expanded on this observa-
tion by determining transcriptomic changes associated with 25HC treatment of primary en-
dothelial cells using RNA sequencing (RNA-Seq). We found that 25HC treatment inhibited
KSHV gene expression and induced interferon-stimulated genes (ISGs) and several inflam-
matory cytokines (interleukin 8 [IL-8], IL-1a). Some 25HC-induced genes were partially
responsible for the broadly antiviral effect of 25HC against several viruses. Additionally,
we found that 25HC inhibited infection of primary B cells by a related oncogenic virus,
Epstein-Barr virus (EBV/human herpesvirus-4) by suppressing key viral genes such as
LMP-1 and inducing apoptosis. RNA-Seq analysis revealed that IL-1 and IL-8 pathways
were induced by 25HC in both primary endothelial cells and B cells. We also found
that the gene encoding cholesterol 25-hydroxylase (CH25H), which converts cholesterol
to 25HC, can be induced by type | interferon (IFN) in human B cell-enriched peripheral
blood mononuclear cells (PBMCs). We propose a model wherein viral miRNAs target the
cholesterol pathway to prevent 25HC production and subsequent induction of antiviral
ISGs. Together, these results answer some important questions about a widely acting anti-
viral (25HC), with implications for multiple viral and bacterial infections.

IMPORTANCE A cholesterol derivative, 25-hydroxycholesterol (25HC), has been demon-
strated to inhibit infections from widely different bacteria and viruses, including severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). However, its mechanism of activ-
ity is still not fully understood. In this work, we look at gene expression changes in the
host and virus after 25HC treatment to find clues about its antiviral activity. We likewise
demonstrate that 25HC is also antiviral against EBV, a common cancer-causing virus. We
compared our results with previous data from antiviral screening assays and found the
same pathways resulting in antiviral activity. Together, these results bring us closer to
understanding how a modified form of cholesterol works against several viruses.

KEYWORDS EBV, KSHV, cholesterol, innate immunity

aposi’'s sarcoma herpesvirus (KSHV) is the etiologic agent of lymphoproliferative
disorders such as Kaposi's sarcoma (KS), primary effusion lymphoma (PEL), and
multicentric Castleman disease (MCD) (1). We previously discovered that a key enzyme
in the mevalonate/cholesterol biosynthesis pathway was the most repressed protein
by KSHV microRNAs (miRNAs) (2). KSHV viral miRNAs downregulated several enzymes in the
mevalonate pathway to repress cholesterol production (3). We also reported how 25HC is
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antiviral against KSHV de novo infection of primary endothelial cells (3). These findings led
to a model wherein KSHV miRNAs repress cholesterol synthesis to combat 25HC’s antiviral
effects.

Interferons (IFNs) are part of the innate immune response, constituting the first line
of defense against many invading pathogens. Type | IFNs (interferon alpha/beta [IFN-a/-B])
signal through the IFN-a receptor to activate signaling pathways and downstream transcrip-
tion factors. This results in increased gene expression of hundreds of interferon-stimulated
genes (ISGs) for host defense, inflammation, signaling, transcription, and immunomodula-
tion (4, 5). Type Il IFN (IFN-)) binds to the IFN-y receptor and activates parallel pathways.
Type Il interferons (IFN-A) have overlapping pathways with type | IFN but with different
kinetics and potency. The nuclear factor kB (NF-«xB) transcription factor, which regulates
gene expression for inflammation and cell survival, can be activated by interferons for a con-
certed response against pathogens (6). Several I1SGs have NF-«B binding sites, demonstrat-
ing cross talk among these pathways.

Cholesterol-25-hydroxylase (CH25H) (7), a gene coding for an enzyme that converts
cholesterol to 25HC, is an ISG. 25HC is the only oxysterol with increased secretion after
murine cytomegalovirus (mCMV) infection or induction with IFN-« (8), IFN-8 (7), and
IFN-y (7, 8). 25HC has also been characterized as a broad-spectrum antiviral that inhibits HIV-1
(8), hepatitis C virus (HCV) (9-12), mCMV (7), Zika virus (7), Ebola virus (8), coronaviruses (13,
14), and murine gammaherpesvirus 68 (MHV68) (8). 25HC blocks viruses at one or more steps
in their viral life cycle. 25HC directly modifies cell membranes to block viral entry (HIV-1, vesicu-
lar stomatitis virus [VSV]) (8), impedes viral gene expression (3, 7), activates integrated stress
responses to suppress protein synthesis (15) and decreases cholesterol in membranes through
oxysterol-binding protein 1 (OSBP) (16). 25HC also decreases the association between OSBP
and the vesicle-associated membrane protein-associated protein A (VAP-A), in human rotavirus
(HRV) infection (17). More recently, Abrams et al. (18) also reported on 25HC's antibacterial ac-
tivity against Listeria infection through its effect on plasma membrane cholesterol.

In addition to its antimicrobial effect, evidence suggests that 25HC modulates
inflammation in macrophages (19) and epithelial cells (20). In contrast, there is data indicating
that CH25H expression is required to suppress proinflammatory IL-183 levels in macrophages
(21, 22). While these findings may seem contrary, it is important to note that interferons have
a duality of function: antimicrobial response (with inflammation as part of its repertoire) and
suppression of immune response to prevent uncontrolled infllmmation (cytokine storm).

In this work, we sought to address how 25HC inhibits KSHV and EBV infection. We
approached this by performing RNA sequencing (RNA-Seq) on de novo infected human
umbilical vein endothelial cells (HUVECs) treated with 25HC. While previous reports have
performed transcriptomic (microarray [12, 19]) and proteomic (23) profiling to characterize
the effects of 25HG, this is the first to utilize deep sequencing of RNA from primary cells in
the context of infection. We also determined whether CH25H is interferon inducible in pe-
ripheral blood mononuclear cells (PBMCs), as CH25H was shown to be an ISG in murine
bone marrow-derived macrophages, but not interferon inducible in human endothelial (3)
and hepatic cells (11). Last, we tested whether 25HC has an antiviral effect against Epstein-
Barr virus (EBV), an oncogenic herpesvirus related to KSHV.

RESULTS

Differential gene expression and pathway analyses reveal induction of inflammatory
pathways after 25HC treatment. Previously, we discovered that pretreatment of HUVECs
with 25HC prior to KSHV de novo infection results in a postentry block to infection (3). We also
observed that IL-6 was upregulated by 25HC treatment in HUVECs (3). To understand how
25HC inhibits KSHV infection, we examined global gene expression changes induced by 25HC
in HUVEGs, with or without KSHV infection. We pretreated HUVECs with 25HC or vehicle con-
trol and then infected the cells with KSHV (four conditions: with or without 25HC and with or
without KSHV infection) (Fig. 1A). At 2 days postinfection (dpi), we harvested RNA and per-
formed total RNA-Seq to determine differentially expressed mRNAs and noncoding RNAs.

We previously demonstrated that KSHV LANA and RTA transcripts were suppressed at
2 dpi in HUVECs pretreated with 25HC prior to de novo infection (3). Here we extended that
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FIG 1 25HC suppressed viral transcription during KSHV de novo infection in primary endothelial cells. (A) Experimental outline of 25HC treatment and
KSHV de novo infection of human umbilical vein endothelial cells (HUVECs). (B) Volcano plot showing repressed KSHV differentially expressed genes (DEGs)
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analysis to all KSHV transcripts and observed a global suppression of KSHV viral transcripts
(Fig. 1B and C; see also Table S1 in the supplemental material), with greater downregulation
for lytic genes (e.g., ORF50/RTA, K8, ORF8, ORF9, ORF10, ORF43, ORF24) compared to latency
genes (Fig. 1B, blue dots, LANA/ORF73, ORF72, K13/ORF71, K12, K2/viral IL-6 [vIL-6]). There
was also suppression of viral genes known to be expressed in the first 2 dpi (24) with 25HC
treatment (Fig. 1B, ORF35, ORF39, ORF47, among others). This RNA-Seq data identified ge-
nome-wide suppression of KSHV gene expression by 25HC treatment in HUVECs (3).

To explore host and viral gene expression changes due to 25HC, we examined the top 500
most variably expressed genes (Fig. 2A) and observed four main clusters of genes: (i) genes
induced during infection but suppressed by 25HC (teal outline, “Virus-Induced”); (ii) genes
induced by 25HC (purple outline, “25HC-Induced”); (i) a subset of “25HC-Induced” genes with
lower induction in KSHV-infected cells (orange outline, “25HC-Induced in Infection”); (iv) genes
repressed by 25HC (green outline, “25HC-Suppressed”). The “Virus-Induced” genes, comprised
of both KSHV viral genes and host genes, are upregulated during infection and are downregu-
lated in the +KSHV +25HC treatment. This downregulation of viral genes is consistent with
the analysis seen in Fig. 1B. Meanwhile, some of the “Virus-Induced” host genes may have pro-
viral roles (i.e, host-dependent genes), with the virus subverting them to establish latent infec-
tion. Indeed, several of these host genes (Table S2) overlapped with a small interfering RNA
(siRNA) screen for host-dependent factors of dengue virus (25). SPP1 (secreted phosphoprotein
1/osteopontin), was upregulated in KSHV-infected dermal microvascular endothelial cells (26).
In conclusion, we identified a group of genes that were upregulated by infection, but this up-
regulation was counteracted by 25HC treatment.

The “25HC-Induced in Infection” subset of 25HC-induced genes were highly induced with
25HC in uninfected HUVECs (—KSHV + 25HC, Fig. 2A, orange outline), but the induction by
25HC was dampened during KSHV infection (+KSHV + 25HC). We hypothesized that some of
these host genes may represent potential antiviral genes that are inhibited during KSHV infec-
tion. Several immunity genes are upregulated by 25HC and either lose their function or result
in deregulated expression in CH25H knockout mice (19). We observed innate immunity genes
that are upregulated by 25HC in the context of infection in a volcano plot (Fig. 2B).

To further characterize these 25HC-induced antiviral genes, we used two unbiased,
systematic, and parallel methods to investigate pathways that were enriched for 25HC-
induced genes. First, we performed pathway enrichment analysis of the 25HC-upregulated
gene list (Fig. 2A, “25HC-Induced” purple outline). We found that several “25HC-Induced”
genes were enriched for specific pathways (Table 1), with the top three KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways being (i) cytokine-cytokine receptor interac-
tion, (i) rheumatoid arthritis, and (iii) pathways in cancer. Genes common to these top three
pathways are CXCL8 (IL8), ILTA (IL1«), FOS (c-Fos) and VEGF-A (vascular endothelial growth
factor A). The first three are cytokines involved in inflammation, while c-FOS is a component
of the AP-1 transcription factor complex, which has been found to mediate 25HC function
in amplifying inflammatory signals (19). Based on these analyses, 25HC upregulates some
pathways related to the inflammatory response, consistent with our previous report show-
ing that IL-6 was upregulated by 25HC (3).

For our second pathway enrichment analysis, we determined which pathways are
upregulated by 25HC in the context of KSHV infection. We utilized the Ingenuity Pathway
Analysis to investigate all differentially expressed genes (DEGs) in infected HUVECs with or
without 25HC (Fig. 2C). This analysis yields an activated Z-score to determine the correlation
between experimental (HUVEC) and published data to predict the directionality of affected
enriched pathways (27). Metabolic pathways related to cholesterol biogenesis and mevalonate
pathway were downregulated (Fig. 2C, orange text), including those of LXR (liver X receptor)

FIG 1 Legend (Continued)

in HUVECs at 2 dpi with or without 25HC (+/—25HC) (n = 4). DEGs with log, fold change (FC) of >1.5 and P value (pval) of <0.01 are indicated in red
dots to the left of the vertical dotted line and above the horizontal dotted line. This plot was generated using the EnhancedVolcano package from
Bioconductor using viral DEGs (see Table S1 in the supplemental material) as input. (C) Heat map of viral transcript reads (average of four biological
replicates) normalized to transcripts per million (TPM) with and without 25HC at 2 dpi. Viral transcripts are classified as immediate early (IE), early, delayed
early, and late transcripts. Latency transcripts are annotated with the dark red bars on the right.
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FIG 2 25HC induced an inflammatory response. (A) Heat map of top 500 genes by variance, with each column representing a biological
replicate with the designated infection and treatment. (B) Volcano plot of host DEGs in infected HUVECs with (+) or without (=) 25HC. (C)
Ingenuity Pathway Analysis (Qiagen) of differential gene expression in infected HUVECs with or without 25HC with corresponding Z-score
and P value of cholesterol-related pathways (orange text) and inflammatory pathways (green text). (D) Validation of uninfected RNA samples
for gene expression changes by qPCR relative to Vehicle control samples (n = 4). Unpaired t test was performed. (E) Quantitation of secreted
cytokines in the supernatant after 25HC treatment of HUVECs (n = 3). Statistical analysis using an unpaired t test was performed, and P
values are indicated as follows: *, P = 0.05; **, P = 0.01; ***, P = 0.001. hpt, hours posttreatment.
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TABLE 1 Pathway enrichment analysis using WebGestalt for 25HC-uprequlated genes?

KEGG Pathway # Genes |adj pval -log10
Cytokine- cytokine receptor interaction 15 10.20
Rheumatoid arthritis 10 9.56
Pathways in Cancer 12 6.30
Malaria 5 4.39
Chemokine signaling pathway 7 3.70
Cell adhesion molecules 6 3.70
MAPK signaling pathway 8 3.70
Small cell lung cancer 5 3.52

JAK-STAT signaling pathway 6 3.40

“Pathway enrichment analysis using WebGestalt for 25HC-upregulated genes (corresponding to the purple box,
“25HC-Induced” in Fig. 1B) in 25HC-treated human umbilical vein endothelial cells.

and RXR (retinoid X receptor) pathways (28). These results are consistent with previous find-
ings that 25HC negatively regulates cholesterol levels (29). Positive Z-scores indicated upregu-
lation of inflammatory pathways such as IL-6, chemokine C-X-C motif ligand 8 (CXCL8)/IL-8,
and IL-1 signaling (Fig. 2C, green text). 25HC induced phosphatidylinositol 3-kinase (PI3K)/AKT
signaling, a pathway activated in KSHV-infected PEL cell lines (30). In summary, pathways pro-
ducing inflammatory cytokines are upregulated by 25HC, both by 25HC alone and during
KSHYV infection in the presence of 25HC.

Interestingly, the miR-146a cluster was upregulated in the +KSHV +25HC condition
(orange outline, Fig. 2A) but downregulated in the +KSHV —25HC condition. miR-146a
is @ modulator of the inflammatory response via negative feedback of NF-«B signaling
(31). The upregulation of miR-146a cluster suggests a negative-feedback loop to avoid
overinduction of inflammatory responses, such as CXCL8 (IL-8) expression (32).

On the basis of the differential expression patterns and pathway analyses, we priori-
tized several host candidate genes that may contribute to the 25HC antiviral effect:
CXCL8 (IL-8), ILTA (IL-1), DDX58 (RIG-I), FOSB JUN, and TLR2. Quantitative reverse tran-
scription-PCR (RT-gPCR) results on 25HC-treated uninfected HUVEC RNA samples
(Fig. 2D) confirmed these RNA-Seq results. 25HC led to strong induction of CXCL8 (IL-8,
~100-fold), ILTa (~50-fold), and TLR2. Baseline TLR2 expression was low in control HUVECs
but increased by at least seven to nine threshold cycles in 25HC-treated HUVECs. We also
determined whether the induction of these cytokine genes (CXCL8, IL1A) resulted in increased
secretion in the supernatant. We measured secreted cytokines in the supernatant and found
that secreted IL-8 and IL-1« increased ~2.5-fold and ~3-fold from 25HC-treated HUVECs,
respectively (Fig. 2E). Thus, we confirmed the activation of these genes by 25HC.

Functional validation of 25HC-induced antiviral candidate genes. To confirm
that the candidate genes contributed to the antiviral effect of 25HC, we performed siRNA
knockdown assays. If a candidate gene’s function and increased expression with 25HC contrib-
utes to the inhibition of KSHV infection by 25HC, then depletion of that gene product would
result in recovery of viral infection (i.e., increase in viral gene expression), despite 25HC
pretreatment.

siRNA knockdown assays were performed 1 day prior to infection to deplete candidate
gene expression by the time of 25HC exposure (Fig. 3A and B). We confirmed mRNA knock-
down via RT-gqPCR (Fig. 3B). We also confirmed that siRNA depletion of IL-8 and IL-1« tran-
scripts resulted in reduced secretion of these cytokines (see Fig. S1A to S1C in the supple-
mental material). Though the reduction of secreted IL-1« was mild with only silL-1« (SiRNA
targeted against ILTA), a greater fold reduction (up to threefold) in secreted IL-1ax was
observed (Fig. S1C) when cells were treated with 25HC, and conditioned medium was
assayed at day 3. When cells are treated with 25HC after siRNA depletion of IL-1«, a greater
fold reduction (up to threefold) in secreted IL-1« is observed in silL1a-nucleofected HUVECs
(Fig. S1C), especially after 2 days of 25HC treatment (day 3, Fig. S1C), presumably with an
accumulation of IL-1e in the supernatant. Compared to control samples (SiRNA nontargeting
control without 25HC [siNTC/—25HC]), cells with siNTC and 25HC (siNTC/+25HC)
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FIG 3 IL-8, IL-1e, and FOSB contribute to 25HC antiviral activity against KSHV de novo infection. (A)
Schematic diagram of experiment with siRNA depletion, treatment (with or without 25HC), and KSHV
de novo infection of HUVECs. (B) Knockdown by siRNA of candidate target genes on the day of
infection. A statistical test using one-way analysis of variance (ANOVA) and post hoc test with
Bonferroni correction was performed. (C) Viral gene expression of LANA after siRNA depletion of
candidate target genes (n = 4 to 6) and with control samples (infection only, n = 5). One-way ANOVA
and post hoc t test with Bonferroni correction were performed, and P values are indicated as follows:
*, P = 0.05; **, P = 0.01; **, P = 0.001; ****, P < 0.0001.

demonstrated a statistically significant reduction in KSHV LANA transcript levels (Fig. 3C). As
expected, the control infection conditions without any siRNAs also showed a reduction of vi-
ral transcripts when treated with 25HC (Fig. 3C, control KSHV infection +25HC), like our previ-
ous report (3). Nucleofection of pooled siRNAs against single candidate genes led to a trend
toward a higher, albeit nonsignificant, upregulation in LANA (Fig. 3C, comparing siNTC/
+25HC versus silL8/+25HC; see also Fig. S1D) or no effect on LANA (Fig. S1D) or RTA
(Fig. STE). Thus, the depletion of a single gene in the pathway is not sufficient to allow the re-
covery of viral infection in the presence of 25HC.

We next tested combinatorial knockdown of multiple genes induced by 25HC.
Since we observed a trend with repression of silL8, we combined the knockdown of /L8
with other 25HC-induced genes. Depletion of both CXCL8 (IL-8) and ILTA resulted in a
statistically significant increase in LANA for the condition without 25HC (silL8/silLTa/
—25HC) compared to the siNTC/—25HC condition (Fig. 3C). This suggested that the
expression of both IL-8 and IL-1« is detrimental to the virus, even in the absence of
25HC. Interestingly, we found that depleting both IL-8 and IL-1e in 25HC-pretreated
HUVECs (silL8/silL1a/+25HC) resulted in recovery of LANA expression levels compared
to siNTC/+25HC (Fig. 3C). This means IL-8 and IL-Ta both contribute toward the 25HC-
induced antiviral response against KSHV de novo infection. The depletion of both IL-8
(silL8/+25HC) and FOSB (siFOSB/+25HC) slightly increased LANA levels, but this did not
reach statistical significance (Fig. 3C). These results suggest that IL-8 and IL-1a are
induced by 25HC and play a significant role in the antiviral effect of 25HC.

Comparison of differentially expressed genes in HUVECs to other data sets
demonstrate that some 25HC-induced genes are antiviral genes against other
viruses. To determine whether 25HC-induced genes in our KSHV data set are antiviral
against other viruses, we compared DEGs induced by 25HC in the absence of infection
(log, fold change greater than 2 and P value less than 0.05) to antiviral gene sets culled
from ISG (4) and siRNA (25) screens (Table 2). Common genes that were antiviral
against two viruses were enriched in pathways from 25HC-induced genes (Table 3), with
the top hit as the IL-1 signaling pathway. This suggests that the 25HC-induced genes in
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TABLE 2 Antiviral genes that are upregulated in 25HC-treated human umbilical vein
endothelial cells (HUVECs), interferon-stimulated gene (ISG) screen (antiviral against
hepatitis C virus and HIV-1), and antiviral (against dengue virus) screen

X Upregulated
25HC-induced

gene HCV

HIV-1 DENV

MYLK

RASD1

AKAP12

1SG20 +
NID2

GEM +
ATF3 +
RRAGD

LTK

PMAIP1 +
MX1 +
TMEM200A

DUSP5 +
NFIL3 +
FERTL6

SLC7AT1

TYMP +
CCL20

SQSTM1

MXD1

KCNN2

ICAM1

LAMAT

RRAD

CA13

PTPRH

PCSK6

MAFF +
ALDHT1L2

PPP1R15A

RP11-680AT11.5

SLC7A5

F3

RP13-631K18.2

RP11-443P15.2

BAALC

TNIP3

ADAM12

EPSTIT +
FOS

KCNF1

PAPPA2

STXBP5-AST

CHAC1

BIRC3

RCAN1

RAB3IL1

SLC6A9

DUSP8

OASL +
RPLPOP2

ANK2

FAM132B

NEK10

ANO1

IFIT1 +
RELB

ATP6V0OD2

BEX2

+
+ o+ o+
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TABLE 2 (Continued)

X Upregulated
25HC-induced

gene HCV HIV-1 DENV
CX3CL1 +
cXcL2

SLC6A4

VCAN

C120rf39

NR4A3

GNG2

UNCI13A

+ o+

primary endothelial cells were antiviral in other viral infections and may contribute to the
25HC antiviral mechanism.

25HC inhibited EBV infection. Our findings of an antiviral role of 25HC in KSHV
infection was also reported for MHV68 infection (3, 8). We wanted to determine whether
25HC was antiviral against a related oncogenic virus, EBV. To measure this antiviral activity,
we tested whether 25HC can: (i) reduce the number of infected, transformed cells, (i) induce
apoptosis, and (i) downregulate viral transcripts during EBV de novo infection of lympho-
cytes. These are important parameters in EBV-infected cells that undergo reprogramming
and transformation to form lymphoblastoid cell lines (LCLs) in vitro.

On the basis of viability assays (Fig. S2A), we determined that 2.5 wM 25HC is the maxi-
mum concentration wherein B cell viability is maintained. B cells were enriched from periph-
eral blood mononuclear cells (PBMCs) by depleting T cells and then treated with 25HC (or
vehicle control) for 2 h (Fig. 4A). We next infected this B cell-enriched PBMC population with
EBV (strain 2089 based on B95.8 [33]) and let the infection proceed for 5 days (prelatent
phase [34]). We maintained 25HC in the culture and harvested cells at 5, 9, and 13 days post-
infection (dpi) (Fig. 4A).

Normally, unstimulated and uninfected primary B cells from PBMCs do not proliferate and
will die off after a few days. However, EBV infection can immortalize a subset of B cells by acti-
vating oncogenes such as c-myc, which results in the proliferation of infected cells (35). As
LCLs became established, there would be a short burst of increased proliferation by 4 dpi dur-
ing the prelatent phase, followed by a decrease in the doubling rate by 6 dpi (36, 37). We
wanted to determine whether 25HC affects the proliferation of infected cells by measuring
live cells using flow cytometry. As expected, the vehicle control sample with EBV infection
showed hyperproliferation, a hallmark of transformation, from 5 dpi to 9 dpi, which then pla-
teaued from 9 dpi to 13 dpi (Fig. 4B, left panel, black lines). We confirmed that the LCLs exhib-
ited a latency lll profile by droplet digital PCR (Fig. S2B). However, we found that the live cell
count of 25HC-pretreated cells declined as early as 5 dpi (red lines compared to black lines,
Fig. 4B, left panel), with a sharp decrease by the end of 2 weeks.

TABLE 3 Enriched pathways for 25HC-induced genes that are broadly antiviral

Enriched Pathways for 25HC-induced genes that are broadly antiviral -log10 p value
Immune response_IL-1 signaling pathway 4.40
Glomerular injury in Lupus Nephritis 4.16
Immune response_|IL-5 signaling via JAK/STAT 3.87
Signal transduction_PDGF signaling via MAPK cascades 3.62
Role of IFN-beta in the improvement of blood-brain barrier integrity in multiple sclerosis 3.57
Role of Th17 cells in asthma 3.52
Immune response_BAFF-induced non-canonical NF-kB signaling 3.35
Interleukins-induced inflammatory response in asthmatic airway fibroblasts 3.23
Cell adhesion_|IL-8 family-dependent cell migration and adhesion 3.06
IL-1 signaling in melanoma 3.00
Immune response_Histamine H1 receptor signaling in immune response 2.86
Signal transduction_NF-kB activation pathways 2.75
Immune response_Lysophosphatidic acid signaling via NF-kB 2.73
Chemotaxis_Inhibitory action of lipoxins on IL-8- and Leukotriene B4-induced neutrophil migration 2.71
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FIG 4 25HC is antiviral against EBV de novo infection. (A) Schematic diagram of experimental outline
showing B cell enrichment of PBMCs and pretreatment (pre-tx) with 25HC, followed by EBV infection.
Flow cytometry (Flow cyto), RNA sampling, and addition of 25HC are seen at the indicated time
points. (B) Flow cytometry of pretreated and infected B cell-enriched PBMCs to measure cell viability
(left) and apoptosis rate (right). Unpaired t test was performed for each time point. (C) Flow
cytometry of B cell-enriched PBMCs treated with 25HC after EBV infection and measured for cell
viability (left) and apoptosis (right). Unpaired t test was performed for each time point. P values are
as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

To determine whether the decline in cell count was due to apoptosis, we used
annexin V as a marker of apoptosis. EBV itself typically leads to apoptosis in newly
infected cells that are undergoing reprogramming in the first week after infection (37).
The vehicle-treated cells exhibited some degree of apoptosis from 5 dpi to 9 dpi
(Fig. 4B, right panel, black lines), but this plateaued or decreased from 9 dpi to 13 dpi.
The 25HC-pretreated samples, on the other hand, had higher rates of apoptotic cells at
5 dpi compared to vehicle controls (Fig. 4B, right panel, red lines for 25HC; Fig. 5A),
with increasing rates of apoptosis from 9 dpi to 13 dpi. Taken together, these data sug-
gest that EBV-infected B cells with prior exposure to 25HC are unable to proliferate
and become increasingly apoptotic during prelatency.

Moving from experiments pretreating with 25HC before infection, we next exam-
ined the induction of apoptosis in B cell-enriched PBMCs treated with 25HC after EBV
infection. To test this, we infected B cell-enriched PBMCs and allowed the infection to
proceed through the prelatent phase. At 5 dpi, we added 25HC or vehicle control to-
gether with fresh media. We assayed the cells at 9 dpi and 13 dpi and found that the
postinfection 25HC-treated infected PBMCs had fewer live cells compared to vehicle
controls (Fig. 4C, left panel, red lines for 25HC), but the decline is not as rapid as 25HC-
pretreated cells (Fig. 4B, left panel, red lines for 25HC). However, the apoptosis rate
(slope of apoptosis graph) from 9 dpi to 13 dpi of postinfection 25HC-treated cells was
as steep as pretreated cells (Fig. 4C versus Fig. 4B, right panels, red lines for 25HC). This
result suggested that 25HC can still induce apoptosis even when treatment is added
after the initiation of EBV infection. At 13 dpi, the 25HC-pretreated sample had about
threefold more apoptotic LCLs compared to vehicle control (Fig. 5C, gray section, 25HC
[16.16%] versus vehicle [5.32%]). Similarly, the postinfection 25HC-treated sample had
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FIG 5 25HC blocks EBV-driven transformation in B cell-enriched PBMCs. (A) Scatterplot of flow cytometry
analysis of PBMCs with annexin V and 7-AAD staining after EBV infection and pretreatment with either vehicle
(left) or 25HC (right). (B) Scatterplot and gating strategy of PBMCs infected with EBV. (C) Based on annexin V
and 7AAD staining, cells in the “LCL” and “PBMC" gates were designated healthy or apoptotic subsets. These
subsets were quantified as a percentage of total cells in the designated gates. Percentages are averages from
three biological replicates of pretreated PBMCs. Statistical analysis using an unpaired t test was performed for

each subgroup, P values are as follows: *, P = 0.05; **, P < 0.01; ***, P < 0.001.

threefold more apoptotic LCLs compared to vehicle control (Fig. S2C, 25HC [14.58%]
versus vehicle [4.66%)]). On the basis of these results, we conclude that 25HC still
induced apoptosis in PBMCs treated after EBV infection, with a lesser antiproliferative
effect.

EBV-infected, transformed B cells increase in size and granularity (38), forming dis-
tinct populations compared to B cell-enriched PBMCs (Fig. 5B, LCL gate versus PBMC
gate). Since this EBV strain expresses the green fluorescent protein (GFP) reporter, we
measured infection rates using the GFP signal. Indeed, cells within LCL gate were all
GFP positive (Fig. S2D, left panel), confirming the LCL formation. Two weeks postinfec-
tion, LCLs dominated the live cells in culture (Fig. 5C, orange, vehicle) as previously
reported by Pich et al. (36). With 25HC pretreatment, however, not only is the total LCL
cell count reduced (Fig. 5B, right panel, LCL [8.10%]), but the LCLs as a percentage of
total cells were also reduced (Fig. 5C, orange, 25HQ). In the B cell-enriched PBMC popu-
lation for the vehicle-treated sample (Fig. S2D, left panel, blue histogram), there was
one predominant peak with no GFP signal. On the other hand, in the 25HC-pretreated
B cell-enriched PBMC population (Fig. S2D, right panel), there was a tail that extends to
the right, signifying some GFP-positive (GFP+) signal. When measuring this GFP+
PBMC population, the 25HC-treated sample has more GFP+ cells for PBMCs outside
the LCL gate, compared to its matched vehicle control (Fig. S2E). These observations
suggest that exposure to 25HC prior to and after EBV infection may not only induce ap-
optosis but also delay or block the reprogramming and transformation of EBV-infected
B cells. Further experiments are needed to characterize this subpopulation, including
immunophenotyping of these cells.

25HC treatment downregulated a subset of EBV latency Il genes. To understand
how 25HC inhibits EBV de novo infection, we examined global gene expression changes
induced by 25HC in B cells, with or without EBV infection. Again, we utilized total RNA-Seq
with ribosomal depletion to identify changes in mRNA and noncoding RNA expression in
the virus and host at 10 to 12 dpi (Fig. 4A and B, cells purified by MACSExpress). In
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contrast to KSHV infection +25HC treatment, we found that five out of eight EBV latency
Il viral genes were downregulated with 25HC treatment (Fig. 6A and Table 4). Noncoding
EBER1, EBER2, and long noncoding RNA (IncRNA) RPMS1 were highly downregulated (Fig. 6A
to Q). Likewise, LMP-1, EBNA-LP, LMP-2B, BGLF2, and BFRF1 were also significantly suppressed
(Fig. 6A to C and Table 4).

To validate our EBV RNA-Seq data set, we also assayed the effects of 25HC on EBV
viral gene expression by RT-qPCR at 10 to 12 dpi. We confirmed lower expression of
EBER1, EBER2, and LMP-1 in the 25HC-treated samples, but EBNA2 (protein-coding,
RNA polymerase Il [pol ] transcript), BMRF1, and BCRF1/vIL10 expression were unaf-
fected (Fig. 6D). Recently, Pich et al. have reported that EBNA2 is the only essential viral
gene for B cell immortalization to induce proliferation during the EBV prelatent phase
(36). Our results may be showing that EBNA2 sustains the survival of EBV-infected B
cells, but EBNA2 is not sufficient to prevent apoptosis (Fig. 4) and blockade of transfor-
mation (Fig. 5) induced by 25HC.

25HC targets LMP-1 and its antiapoptotic function. LMP-1 (latent membrane pro-
tein 1) functions as the main oncogenic protein of EBV and is critical for EBV-mediated B cell
transformation. LMP-1 mimics the constitutively active form of CD40 and activates NF-«B,
Jun N-terminal protein kinase (JNK), and p38 pathways (39). We therefore wanted to deter-
mine what host genes downstream of LMP-1 expression contributes to the observed apo-
ptosis in 25HC-treated B cells. Similar to the HUVEC data set, we performed analyses of RNA
sequencing data and identified DEGs in the host (Fig. 7B). Interestingly, we found that EGR1
(early growth response gene-1), a transcription factor that is induced by EBV via NF-«B acti-
vation (40), is one of the downregulated DEGs. EGRT has previously been shown to enhance
drug resistance in cancer cells in an LMP-1-dependent manner by inducing antiapoptotic
protein, Bfl-1 (40). BCL2A1, which encodes Bfl-1, is also downregulated in our data set.

On the other hand, LMP-1 is known to downregulate DUSP6 (dual-specificity phosphatase
6) (41), which is a negative regulator of mitogen-activated protein kinases (MAPKs) that are
implicated in many cellular processes and are constitutively activated in LCLs. In our data set,
we found that DUSP6 was upregulated ~ 12-fold in 25HC-treated LCLs (Fig. 7B). Restoration of
DUSP6 expression has been shown to induce cell apoptosis in LCLs (41) accompanied by
shrinking of LCL clumps, which we also observe in our 25HC-treated LCLs.

EBV viral noncoding RNAs and type | host pol Il RNAs are suppressed by 25HC.
EBER1 and EBER2 are pol lll transcribed noncoding viral RNAs massively expressed during
EBV infection of B cells, and there is evidence that they induce growth and enhance colony
formation (42). EBV infection has been shown to induce pol Il transcription of host tran-
scripts under the type | and type Il promoters (43), but not type lll. Since 25HC downregu-
lates both EBV small RNAs (EBERs), we performed RT-gPCR for representative host pol IIl
transcripts (Fig. S2F): 5S (type | promoter), 7SL (type Il promoter), and U6 (type Ill promoter)
to determine whether 25HC affects pol Il transcription in the context of EBV infection. We
found that 25HC significantly downregulated 5S (type | promoter) but not 7SL and Ué6. This
suggests that 25HC affects only a subset of pol lll transcription.

25HC targets similar pathways in EBV-infected B cells as KSHV-infected HUVECs. We
wanted to determine whether the same candidate target genes from the HUVEC data
set were also significantly induced in the B cell data set. We found that while some
ISGs of interest were not identified as DEGs in the RNA-Seq data (did not meet
adjusted P value cutoff), their mRNA levels were still significantly upregulated when
assayed via RT-gPCR (i.e., IL8, Jun, FOS, DDX58/RIG-I, TLR2) (Fig. 7D). However, the unin-
fected B cells did not show any significantly upregulated mRNA levels upon 25HC
treatment (Fig. S2G). We cannot, however, rule out the possibility that this is due to
the shorter treatment period for purified B cells (overnight versus 2 days for HUVECs),
which were harvested earlier since B cells undergo cell death in vitro without further
stimulation.

Looking at a heat map of B cell host genes, we observed that within virus-induced
gene groups (Fig. 7A, orange columns in +EBV+25HC and +EBV—25HC), there are a few
gene clusters that are blue in +EBV+25HC and orange in +EBV—25HC. These would repre-
sent 25HC-repressed genes and may be host-dependent factors. On the other hand, in the
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FIG 6 25HC selectively suppressed some viral transcripts in EBV de novo infection. (A) Volcano plot showing repressed EBV differentially
expressed genes (DEGs) in MACSExpress purified B cells at 10 to 12 dpi with or without 25HC (n = 4). DEGs with log, fold change of >1.5 and
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TABLE 4 EBV viral DEGs in purified B cells after EBV de novo infection with or without 25HC10
to 12 dpi (n=4)

Log, fold Adjusted
Gene_ID change P value
EBER2 —3.05 1.02E—15
EBNA-LP —2.82 4.38E—02
LMP-1 —2.78 5.75E—-03
EBER1 —2.06 3.47E-06
RPMS1 —1.72 3.50E—03
BFRF1 —1.61 2.52E-01
LMP-2B —1.58 1.90E—04
BGLF2 —1.52 1.06E—01

virus-repressed gene groups (Fig. 7A, blue columns in +EBV +25HC and +EBV—25HQ),
there are a few orange clusters in +EBV+25HC. These were 25HC-induced genes, with
some of them being detrimental to EBV infection. While the changes are less uniform across
the biological replicates, these may be reflecting donor-dependent differences of the
primary B cells.

We also performed an Ingenuity Pathway Analysis (IPA) of DEGs in the context of EBV
infection (Fig. 7C). As expected, we found that cholesterol- and mevalonate-related pathways
are downregulated by 25HC (negative Z-score), similar to the HUVEC data set. Interestingly,
we also observed the same pathways with positive Z-scores (i.e., activated), such as IL-8 signal-
ing, IL-1 and IL-6 signaling, in the B cell data set. While IL-1a mRNA was not significantly
induced by 25HC when assayed by RT-gPCR, IPA identified IL-1 pathway components that are
DEGs: IL1R1 (encodes receptors of IL-1a and IL-183) and genes for serine/threonine kinases
MAPK10, PRKACB, and PRKAR2B. This suggests that 25HC activates similar pathways in both en-
dothelial and B cell types, potentially reflecting the broad antiviral activity of 25HC.

In conclusion, 25HC impaired EBV-driven proliferation and induced apoptosis, most
likely through suppression of LMP-1 expression. 25HC is more potent when B cells are
pretreated prior to EBV infection. Also, 25HC caused downregulation of several noncoding viral
transcripts by an unknown mechanism. Last, 25HC upregulates similar innate immune path-
ways in B cells as in HUVECs, although the individual genes upregulated may be different.

CH25H is interferon inducible in human B cell-enriched PBMCs. Cholesterol is
converted into 25HC by cholesterol 25-hydroxylase (CH25H). We reported that gene
expression of CH25H is not interferon inducible in HUVECs (3), but CH25H expression was
induced by interferon treatment in murine bone marrow-derived macrophages (7, 44).
Another group has also reported that CH25H in human hepatic cells is not interferon induci-
ble (11). This suggests that CH25H and 25HC might represent a key downstream effector of
interferon signaling in some cell types while demonstrating antiviral activity in a wider range
of cell types.

Due to tropism of KSHV and EBV for human B cells, we wanted to determine whether
CH25H is upregulated by interferons in human B cell-enriched PBMCs. We added either IFN-«,
IFN-B, or IFN-y to PBMCs from healthy donors and collected RNA samples 15 min, 30 min,
and 2 h after treatment to measure changes in CH25H mRNA levels. As positive controls, ISGs
ISG15 and IRFT were confirmed to be upregulated by gPCR (Fig. S3A and S3B), although values
did not reach statistical significance compared to the value for the vehicle control, possibly
because these are relatively early time points. ISG15 was induced by ~60-fold by IFN-« and
IFN-B but showed a modest response to IFN-y (~2-fold induction). One donor (donor 2) had
a reduced response to all IFNs compared to the other donors. Since Smith et al. (45) reported
that EBV infection of lymphocytes upregulated IRF1-regulated genes, we tested whether these

FIG 6 Legend (Continued)

P value of <0.01 are indicated in red dots to the left of the vertical dotted line and above the horizontal dotted line. (B) Heat map of EBV viral transcript
reads (average of four biological replicates) normalized to transcripts per million (TPM) with and without 25HC at 10 to 12 dpi. (C) Histogram of Integrated
Genome Viewer showing total viral reads at indicated loci in the EBV genome. (D) Validation of viral transcript levels using RT-qPCR. Statistical analysis
using unpaired t test was performed, and P values are indicated as follows: *, P = 0.05; **, P = 0.01; ***, P = 0.001.
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FIG 7 25HC targets LMP-1-related host gene expression and upregulates cytokine pathways in the context of EBV de novo
infection. (A) Heat map of top 500 host genes by variance in purified B cells during EBV de novo infection with or without 25HC
at 10 to 12 dpi (n = 4). (B) Volcano plot of host DEGs in the context of EBV de novo infection of purified B cells with or without
25HC at 10 to 12 dpi. (C) Ingenuity Pathway Analysis of host DEGs (cholesterol and mevalonate-related genes [orange text];
cytokine and inflammation pathways [green text]). (D) Validation of candidate host transcript levels using RT-qPCR. Statistical
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analysis using unpaired t test was performed, and P values are indicated as follows: *, P = 0.05; **, P = 0.01; ***, P = 0.001.

PBMCs were EBV infected via RT-gPCR. All three sets of B cells enriched from PBMCs had unde-
tectable EBV transcripts (Table S3), compared to positive controls Raji and Akata+ cell lines.
This discounts the likelihood that the ISG responses were altered by preexisting EBV infection
in the B cell-enriched PBMCs from the three donors.

Comparing IFN-treated samples to vehicle-treated ones, CH25H mRNA was found
increased over multiple time points (Fig. 8A for IFN-a and 8B IFN- relative to vehicle con-
trol). For donor 2, CH25H was initially shown to be upregulated twofold at 15 min and then
started to decrease from that time point. We demonstrated that CH25H is inducible by type
| interferons, but not type Il interferon, IFN-y, in human B cell-enriched PBMCs. These data
are consistent with the hypothesis that CH25H is indeed part of the innate immune
response to viruses, but its responsiveness to IFN is cell type dependent.
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FIG 8 CH25H is induced in PBMCs by type | interferons. (A and B) Time course experiment of CH25H gene
expression in PBMCs relative to vehicle control (VehCtrl) samples after IFN-a (A) and IFN-B (B) treatment and
assayed with RT- qPCR. (C and D) Corresponding time course experiment of ATF3 gene expression in PBMC
after IFN-a (C) and IFN-B (D) treatment and assayed with RT-gPCR. (E) Schematic diagram of antiviral activity of

25HC and proposed modulators of CH25H expression.

Gold et al. reported previously that ATF3 (activating transcription factor 3) nega-
tively regulates CH25H by binding to the CH25H promoter in murine bone marrow-
derived macrophages (46). To test whether ATF3 increased in expression when CH25H
decreased in human B cell-enriched PBMCs, we measured ATF3 transcript levels with
RT-gPCR. ATF3 was induced at 2 h after IFN type | treatment (Fig. 8C and D), and this
correlated with CH25H levels that plateaued or decreased at this time point (Fig. 8A
and B). The negative correlation of CH25H with ATF3 expression (Fig. 8E) hints at a
tightly regulated immune response that when unchecked, may result in uncontrolled
inflammation (19).

DISCUSSION

In this current work, we report observations that suggest some potential mechanisms of
25HC’s antiviral effect in KSHV and EBV de novo infected primary cells using RNA sequenc-
ing. In KSHV, 25HC treatment correlated with global suppression of viral transcripts and
downregulation of some putative host-dependent factors. Aside from inflammatory genes,
components of the AP-1 transcription factor were also upregulated in primary endothelial
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cells. This is in agreement with Gold et al. (19) when they demonstrated that 25HC treat-
ment of bone marrow-derived macrophages induced AP-1 components (Fos, Fosb, Fosl1,
Jun). Other genes that were induced in both our HUVEC data and previous bone marrow-
derived macrophage data include ATF3, a known suppressor of CH25H (Fig. 8E; see also
Fig. S4 in the supplemental material) (46), and MAFF (MAF BZIP transcription factor F).

In a proteomics study on Hela cells treated with 25HC, Civra et al. (23) reported the
induction of SQSTM1 (sequestosome 1) protein, an adapter protein of the NF-«B path-
way which can induce IL-8 when overexpressed in epithelial cells (47). SQSTM1 is similarly
upregulated in our data on HUVECs. Overall, we found concordance in the HelLa proteomics
data and our RNA sequencing data, except for fatty acid synthase (FASN) (Fig. S4).

We confirmed that inflammatory genes are important targets of 25HC because
combinatorial repression of these target genes decreased the 25HC antiviral effect in
KSHV infections, with recovery of viral transcription. Even without 25HC, concurrent
repression of CXCL8 (IL-8), ILTA (IL-1«), and FOSB showed increased viral LANA gene
expression. This suggests that these host gene targets work in parallel to suppress viral
infection. With 25HC treatment, concurrent depletion of IL-8 and IL-1« resulted in re-
covery of LANA viral gene expression. This further supports the hypothesis that these
target genes contribute to the antiviral activity of 25HC.

Our current work also demonstrated how 25HC is antiviral against de novo EBV
infection of B cells. Of note, we were able to observe the same phenotype using different
methods of purifying B cells from buffy coat: using the MACSExpress method (to generate
the RNA-Seq data during revision of this paper) or with the extended Ficoll purification
method. This 25HC antiviral effect can be seen even when treatment is performed after
infection. 25HC increased the apoptosis rate in EBV-infected cells, which were subsequently
unable to form LCLs. 25HC may also be blocking the transformation into LCLs due to a
greater percentage of PBMCs remaining compared to LCLs in 25HC-treated samples.

We also performed RNA sequencing of purified B cells after EBV de novo infection
and 25HC treatment. In contrast to the KSHV data set, we found that a subset of EBV la-
tency Ill genes were downregulated, including noncoding viral transcripts EBERT and
EBER2. While the role of EBERs during early infection is controversial (48), EBERs have
been observed to block apoptosis induced by IFN-« (49).

RPMS1 is another viral noncoding RNA that is suppressed by 25HC (Fig. 6A and Table 4).
The locus for this long noncoding RNA is within the EBV BamHI-A rightward transcript
(BART) region, which also encodes the EBV BART miRNAs. RPMS1 contributes to transforma-
tion in vitro and tumorigenesis in vivo (50). It would be interesting to follow up on how the
downregulation of RPMS1 by 25HC contributes to the latter’s antiviral effect.

More importantly, LMP-1 was also downregulated, and we observed some expression
changes in LMP-1-related host genes that can explain the increased apoptosis rate in 25HC-
treated B cells. DUSP6 is usually downregulated by LMP-1 to prevent apoptosis, and we found
DUSP6 highly upregulated in our data set. Looking at activated pathways in EBV-infected B
cells treated with 25HC, we found similar pathways that are upregulated (IL-8, IL-1, IL-6 signal-
ing pathways) by 25HC in the KSHV HUVEC data set.

25HC can be further metabolized to 7«,25-dihydroxycholesterol (7a25HC) by a hydroxy-
lase encoded by CYP7B1 (51, 52). 7a25HC is a chemokine that is the ligand for EBI2 (EBV-
induced molecule 2), which acts as a homing signal for activated B cells to facilitate interac-
tion with their cognate T cells (53). While exogenous 7a25HC can also induce candidate
genes in HUVECs (Fig. S5), we were unable to detect CYP7B1 protein by immunoblotting in
HUVECs and HDLECs (human dermal lymphatic endothelial cells) (Fig. S5B), and its transcript
was not expressed in our HUVEC data set (GSE165328).

Since 25HC blocks viral entry in some viruses, there is speculation that 25HC may
affect lipid rafts on the cell membrane. For example, inhibiting lipid rafts by cholesterol
depletion negatively affects KSHV entry and egress (54, 55) (reviewed in reference 56).
However, Abrams et al. (18) showed that accessible cholesterol (not cholesterol in lipid
rafts) decreases with increasing amounts of exogenous 25HC during Listeria infection.
This implies that 25HC depletes the free cholesterol on the membrane, resulting in an
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entry block. Recently, Wang et al. demonstrated how 25HC depletes accessible choles-
terol via activation of acyl coenzyme A (acyl-CoA):cholesterol acyltrasferase (ACAT) in
the context of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (14).
Overall, these demonstrate that rather than lipid rafts, it is the accessible cholesterol
on the plasma membrane that is important in 25HC's activity of blocking virus entry.

In this current work, we demonstrated that CH25H is type | interferon inducible in
human B cell-enriched PBMCs. This regulation is cell type dependent. Our PBMC data
are similar, but not the same as what was shown in murine bone marrow-derived macro-
phages (BMDM:s): Blanc et al. (7) showed that CH25H can be induced by IFN-B and IFN-y,
while Liu et al. (8) showed that CH25H is upregulated by IFN-« and IFN-y. Taken together,
these results suggest that CH25H can be induced by various factors in a cell-type-dependent
fashion.

Our mechanistic studies demonstrated that 25HC blocked KSHV and EBV infection
by upregulation of genes in the inflammatory pathways while suppressing viral transcrip-
tion. We also showed that 25HC induced apoptosis during EBV infection. Additionally, we
determined that CH25H is an ISG in the context of B cell-enriched PBMCs and that some
25HC-induced genes are broadly antiviral. These results may explain how 25HC inhibits a
wide range of viral infections, including gammaherpesviruses, HIV-1, Zika virus (57, 58),
and coronaviruses (13, 14).

MATERIALS AND METHODS

EBV virus stock and EBV infection of B cell-enriched PBMCs. EBV virus production was performed
using a producer clone of EBV strain 2089 (bacterial artificial chromosome harboring GFP and EBV strain
B95.8, a kind gift from Jeff Cohen, NIAID, NIH, USA). Virus stocks were titrated on Raji cells as previously
reported and used at a multiplicity of infection (MOI) of 0.1 green Raji units for infecting primary B lym-
phocytes with an optimal virus dose (38). Buffy coats from three different donors were purified through
a Ficoll cushion (GE Healthcare). Rosetting was performed with sheep blood (Thermo Fisher Scientific), and
PBMCs were again purified through a Ficoll cushion. Last, PBMCs were treated with red blood cell (RBC) lysis
buffer (BioLegend) and washed three times with phosphate-buffered saline (PBS) (Gibco). B cells sent for RNA
sequencing were purified from buffy coats using MACSExpress Whole Blood B cell isolation kit (Miltenyi Biotec)
following the manufacturer’s protocol. For virus infection, PBMCs were cultivated with each virus stock for 18 h.
After replacement with fresh medium, the infected cells were seeded at an initial density of 5 x 10° cells per ml.
Cyclosporine (1 wg/ml; Abcam) was added for the duration of the experiment to suppress T cell activation.

Flow cytometry analysis. PBMC cell suspensions were stained with 7-aminoactinomycin D (7-AAD)
(BD Biosciences) and annexin V (BioLegend) and then measured with FACSCalibur (BD Biosciences). Data were
analyzed using FlowJo software (BD Biosciences), using gating strategies as previously reported (38).

Interferon induction of PBMCs. Buffy coats from three different donors were purified through a
Ficoll cushion. PBMCs were treated with RBC lysis buffer and washed three times with PBS. PBMCs were
treated with interferon alpha (Invitrogen; final concentration, 1,000 U/ml), interferon beta (Peprotech;
final concentration, 5 ng/ml), interferon gamma (Roche; final concentration, 5 ng/ml) or vehicle control
(PBS with bovine serum albumin [BSA] carrier).

Cell culture, reagents, nucleofection, and KSHV infection. Human umbilical vein endothelial cells
(HUVECs) were obtained from Lonza and passaged in EGM2 medium (Lonza) for up to 5 passages, with pas-
sages 3 to 5 used for experiments. 25HC (H1015; Sigma) and 7a25HC (Cayman Chemical, Sigma) were reconsti-
tuted in ethanol at 5 mM and stored in single-use aliquots at —20°C for no more than 4 weeks. ON-
TARGETplus nontargeting control siRNA and ON-TARGETplus SMARTpool siRNA targeting IL8, IL1«, and FOSB
were obtained from Dharmacon/Horizon Discovery. We observed that lipofection reagents (Dharmafect-l,
Lipofectamine 2000) abrogate the 25HC antiviral effect during KSHV de novo infection. Instead, we performed
nucleofection of siRNAs into HUVEC using the Amaxa 4D-Nucleofector (Lonza) with the P5 Primary Cell kit (cat-
alog no. V4XP-5024) and the CA-167 program following the manufacturer’s instructions. Cells from one cuvette
were split into three wells (one for vehicle control, one for 25HC, and one to check knockdown at 24 h postnu-
cleofection) in a 12-well plate. HUVEC de novo infections were carried out using BCBL1 supernatant (concen-
trated with Vivaflow or by ultracentrifugation) after 2 h of pretreatment with 5 M 25HC or ethanol (vehicle
control), diluted in EGM2 medium at a multiplicity of infection (MOI) of 40, as determined by LANA copy num-
ber. Polybrene was added at 8 ng/ml. Uninfected samples were included as negative controls. After 5 to 6 h of
incubation, cells were washed and overlaid fresh media with or without 25HC 5 M. RNA was harvested at
2 dpi and extracted using RNeasy kit (Qiagen) or Direct-zol kit (Zymo) with DNase treatment.

Quantitation of mRNAs and proteins. Quantitative reverse transcription-PCR (RT-qPCR) was performed
using 200 to 500 ng RNA and random primers with an Applied Biosystems high-capacity cDNA reverse transcrip-
tion kit. SYBR green assays (FastStart universal SYBR green master mix; Roche or Thunderbird SYBR qPCR master
mix, Toyobo) and TagMan assays (TagMan Universal PCR master mix, no AmpErase UNG; Applied Biosystems)
were performed using the ABI StepOnePlus real-time PCR system (Applied Biosystems). Relative mRNA levels were
computed using the threshold cycle (AAC,) method with genes coding for RPS13 (HUVECs) or GUSB (PBMCs) as
reference genes. Droplet digital PCR (Bio-Rad) was performed using EvaGreen assay at nonsaturated levels. EBV pri-
mers were previously described (59). Data were analyzed using QuantaSoft (Bio-Rad), with EBV viral levels
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normalized to hypoxanthine phosphoribosyltransferase (HPRTT). Antibody against CYP7B1 (ab138497; Abcam)
(1:1,000 dilution) was used for immunoblotting with the Odyssey system (Li-Cor) as previously described (3).

RNA-Seq experimental design. Four biological replicates of HUVEC de novo infections described
above were submitted for total RNA sequencing. Sixteen RNA samples were depleted for rRNA and
pooled for sequencing on four lanes on HiSeq4000 with Illumina Hiseq3000-4000 chemistry. All the samples
have excellent yields above 146 million reads. Alignment was performed with reference human hg38 genome
and gencode v24 transcripts using STAR software. Quantification was carried out with RSEM using transcrip-

tome bam file created by star and gencode v24 transcriptome as an index for RSEM.

(BPM). The bigwig files generated were visualized in IGV (Integrative Genomics Viewer) (65).

Analysis of RNA-Seq data. Differential expression analysis was performed using the NIH Integrated
Data Analysis Platform (NIDAP). Briefly, read counts were processed by Limma package with quantile normal-
ization and visualized by R. Differentially expressed genes (DEGs) are selected in two criteria: P value of 0.001
and absolute log, fold change of >2 for human DEGs and P value of <0.01 and absolute fold change of >1.5
for viral DEGs. Wilcoxon rank sum approach was also employed to account for the variability between infections:
read counts from RSEM for each gene were normalized to TPM (transcripts per million reads), and expression fold
change was calculated for each replicate. Ranks were calculated by summing up ranks of fold changes (higher
the upregulation, higher the rank) of each replicate. Rank sums were converted to Z-scores, and genes with abso-
lute Z-score of >1.96 were selected as differentially expressed genes. For pathway enrichment analysis, Ingenuity
Pathway Analysis (IPA) (Qiagen) was used. For the overrepresentation analysis with KEGG, DEGs are added to
WebGestalt (60). For the viral DEGs, the package DESeq?2 (61) was used to carry out statistical analysis of differen-
tial expression between samples. The volcano plot for virus genes from the DESeq2 output was generated using
EnhancedVolcanoplot package (62), and a heat map was generated for the TPM values of viral genes using
ComplexHeatmap package (63).The BAM files were converted to bigwig files using bamCoverage from deeptools
package (64) with the bin size set at 1 and the effective genome size of 3100809451 was used that contains both
human genome and the EBV viral genome, the coverage was calculated using bins per million mapped reads

Quantitation of secreted cytokines. One day after siRNA nucleofection, HUVEC conditioned me-
dium was collected and frozen. For 25HC induction studies, conditioned media were collected at indi-
cated time points and stored at —20°C. LEGENDplex custom assay kit (Biolegend) was used for bead-
based quantitation of CXCL8/IL-8 and IL-1« following the manufacturer’s protocol. Flow cytometry was
performed on a CytoFLEX S machine (Beckman), and data were analyzed using FlowJo (BD).

Data analysis and statistics. Most graphs contain plots with each data point represented and also
include the means and standard deviations (SD). For testing of significance, t tests were used, with aster-
isks indicating various P values (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

Data availability. RNA sequencing data for viral and human expression are accessible at Gene Expression
Omnibus (GEO): GSE165328.
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