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Abstract

Herpes simplex virus type-1 (HSV-1) infection of human brain cells induces changes in gene
expression favorable to the propagation of the infecting agent and detrimental to the function of the
host cells. We report that infection of human primary neural cells with a high phenotypic reactivator
HSV-1 (17syn +) induces upregulation of a brain-enriched microRNA (miRNA)-146a that is
associated with proinflammatory signaling in stressed brain cells and Alzheimer’s disease.
Expression of cytoplasmic phospholipase Ay, the inducible prostaglandin synthase
cyclooxygenase-2, and the neuroinflammatory cytokine interleukin-1p were each upregulated. A
known miRNA-146a target in the brain, complement factor H, was downregulated. These data
suggest a role for HSV-1-induced miRNA-146a in the evasion of HSV-1 from the complement
system, and the activation of key elements of the arachidonic acid cascade known to contribute to
Alzheimer-type neuropathological change.

Keywords

Alzheimer’s disease; arachidonic acid; complement factor H; cyclooxygenase-2; cytosolic
phospholipase Ap; herpes simplex virus type-1; immune response; inflammation; interleukin-1p;
microRNA-146a

Introduction

The double-stranded herpes simplex virus-1 (HSV-1), a neurotrophic, neuroinvasive group 1
member of the herpes virus family Herpesviridae containing at least 74 genes, is known to
establish lifelong latency in nervous tissues [1]. Although a link between HSV-1 infection and
Alzheimer’s disease was suggested 30 years ago, the molecular genetic mechanism of this
pathogenic association is yet to be fully determined [2—4]. A generalized upregulation of
inflammatory signaling has been associated with both HSV-1 infection of stressed brain cells
and Alzheimer’s disease, where there are increased expression of specific members of the
arachidonic acid (AA) cascade [5-7].

MicroRNAs (miRNAs) are small noncoding RNAs that through base-pair complementarity
with their target mMRNAS, typically located in the 3'-trailer regions, regulate gene expression
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posttranscriptionally [8—15]. Brain cells and tissues seem to use a specific subset of all currently
known miRNAs in homeostatic brain functions [8,9]. Recently, several brain-enriched
miRNAs, including miRNA-146a, have been implicated in the regulation of the host immune
and inflammatory response [7-11].

In this study, we used miRNA arrays, Northern dot blot, and Western analysis to examine the
effects of HSV-1 (17syn+) infection on miRNA speciation and immune and inflammatory
signaling in human neural (HN) cells in primary culture. This is the first report of a coordinated
upregulation of the proinflammatory markers cytosolic phospholipase A, (CPLA)),
cyclooxygenase-2 (COX-2), interleukin-1p (IL-1p), and miRNA-146a, coupled to
downregulation of the immune system repressor complement factor H (CFH). cPLA, and
COX-2 are key players in the AA cascade. The recruitment of two key AA cascade members
and a miRNA-146a-mediated downregulation of CFH underscore a successful strategy used
by HSV-1to subvert cellular machinery to ensure the success of infection and viral propagation.

Materials and methods

Antibodies and reagents

All reagents were purchased from commercial biomedical suppliers and were used without
further purification. RNA isolation reagents such as isopropanol, nucleic acid grade ethanol,
diethyl pyrocarbonate water, RNAse-free plastic reaction vials, and disposable
minihomogenizers were purchased from Invitrogen (Carlsbad, California, USA) or Ambion
(Austin, Texas, USA). Western immunoblots were performed using human-specific primary
antibodies directed against the control marker p-actin (3598-100; Sigma-Aldrich Chemical
Company, St. Louis, Missouri, USA), COX-2 (C-20; sc-1745), cPLA, (N-216; sc-438),
IL-1p (C-20; sc-1250), and CFH (H-5; sc-166608) (Santa Cruz Biotechnologies, Santa Cruz,
California, USA) as described earlier [11,12].

Human neural cells in primary culture and HSV-1 infection

Starting as primary spheroids, HN cells (CC-2599; Lonza Corporation, Walkersville,
Maryland, USA) were grown in an HN maintenance medium (Lonza Corporation,
Walkersville, Maryland, USA) for 2 weeks as described earlier [11,12] (Fig. 1a). HN cells
displayed approximately equal populations of neurons and glia after 2 weeks; modified HN
maintenance medium was changed every 3.5 days, and the total RNA and protein were
extracted at 0, 24, and 48 h after HSV-1 infection. The HSV-1 strain 17syn+, a low passage
isolate 3X plaque purified, was added at time ‘0’ at a multiplicity of infection (MOI) ratio of
5: 1and 10: 1 (HSV-1 virus particle-to-HN cell ratio).

RNA extraction, quality control, and Northern analysis

After 0, 24, or 48 h of HSV-1 treatment 2-week-old cultured HN cells were rapidly transferred
into 1-ml ice-cold TRIzol reagent (Invitrogen). Tissues were homogenized for 2 min, following
the manufacturer’s standard protocol, 0.2 ml chloroform was added, vortexed at full speed for
15 s and then centrifuged (15 min; 12 000g; 4°C). The upper aqueous phase was collected; 0.5
ml isopropanol was then added and vortexed for an additional 15 s; samples were incubated at
room temperature for 10 min and then centrifuged (10 min; 12 000g; 4°C). Pellets containing
total RNA were washed twice with 75% ethanol and air-dried; resulting total RNA pellets were
dissolved in 35 ul diethyl pyrocarbonate water. RNA quality was assessed using an Agilent
Bioanalyzer 2100 (Lucent Technologies/Caliper Technologies, Palo Alto, California, USA)
[11,12]. Total RNA sample (1 pl) was loaded onto an RNA Nano Labchip (Caliper
Technologies) and analyzed [11]. An electropherogram was generated for each total RNA
sample and if the ratio of 28S/18S was larger than 1.4 (indicating high total RNA spectral
quality), the samples were used for Northern analysis as described earlier [11-15]. Samples
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were analyzed individually or as pooled samples. There were no significant differences in the
total RNA yield or RNA spectral quality between the control and HSV-1-infected HN cells.

Protein isolation and Western analysis

Total proteins were simultaneously isolated using TRIzol reagent and concentrations were
determined using dotMETRIC microassay (sensitivity 0.3 ng protein/ml; Chemicon,
Temecula, California, USA) [11]. To ascertain whether HSV-1 infection was associated with
an increase in the expression of inflammatory or pathogenic proteins that correlated to mRNA
levels in the Northern assays, Western immunoblots were performed for cPLA,, COX-2,
IL-1B, and CFH proteins using p-actin as a control and the antibodies described above. Signals
were detected with an anti-1gG fluor-linked secondary antibody/an ECL+Western immune
blotting system (RPN2132/PA45007; Amersham Bioscience, Piscataway, New Jersey, USA)
[11,12].

Brain-enriched miRNA array analysis

As a preliminary screen, miRNA arrays (LC Sciences, Houston, Texas, USA) were probed
with total small miRNAs isolated at 0, 24, and 48 h from HSV-1-infected HN cells or control
HN cells cultured in parallel. Specific miRNAs showing strong hybridization signals were
studied further and subjected to Northern dot blot analysis [9,11,14]. Total small RNA extracts
(25 ng) containing total MiIRNA were spotted onto GeneScreen membranes (PerkinElmer,
Waltham, Massachusetts, USA), transferred using a vacuum manifold, cross-linked, baked,
hybridized, and probed with specific DNA oligomers corresponding to specific small RNAs
and miRNAs, as described earlier [11-14].

Statistical analysis and data interpretation

Results

All statistical procedures for cPLA,, COX-2, IL-1f, and CFH Northern [messenger RNA
(mRNA)] and Western (protein) abundance were analyzed using a two-way factorial analysis
of variance (P value) using programs and procedures in the SAS language (Statistical Analysis
Institute, Cary, North Carolina, USA), and as described earlier by our group [11-14]. Only P
values of less than 0.05 (analysis of variance) were considered to be statistically significant.
Figures were generated using Microsoft Office Excel 2007 (Microsoft Corporation, Redmond,
Washington, USA) and Adobe Designer Version 6.0 (Adobe, San Jose, California, USA).

Morphological changes in human brain cells after HSV-1 infection

The culture of control HN cells exhibited a progressive increase in cell number from their
original plating as neurospheres, reaching about 40% confluency, and made up of about equal
populations of neurons and glia, after 2 weeks of culture [11,12]. In contrast, HSV-1-treated
cells cultured in parallel in tissue culture showed progressively heterogeneous morphologies
as HSV-1 infection progressed from 0 to 48 h (Fig. 1). HSV-1-infected brain cells typically
showed a ‘rounding up’ of cell bodies and atrophy of neurite processes (Fig. 1). Preliminary
data showed that an MOI of 10: 1 yielded more significant miRNA and mRNA changes and
was used in all subsequent experiments.

MicroRNA changes

Analysis of miRNA panels that display 911 control RNAs, small RNAs, and miRNA levels
showed consistently upregulated levels of miRNA-146a to 2.7-fold and 5.0-fold, 24 and 48 h
after HSV-1 infection, respectively (Fig. 2). There was no change in the abundance of a closely
related brain-enriched miRNA-132 analyzed in the same sample. All miRNA levels were
normalized against (i) the abundance of 5S RNA in each sample, and also (ii) against eight
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hybridization controls on the miRNA panels whose expression levels remained unchanged
either before or after HSV-1 infection (Fig. 2).

RNA and protein extraction and quality control

Controls and HSV-1-treated cell samples each yielded total RNA samples with 28S5/18S >1.45
and single, sharp protein bands for cPLA,, COX-2, IL-1B, and CFH with no evidence of protein
degradation.

Changes in cPLA,, COX-2, IL-1B, and CFH

Western analysis showed upregulation of the inflammatory markers cPLA,, COX-2, and
IL-1pB, and downregulation of CFH, when compared with control B-actin levels in the same
HN cell sample. Forty-eight hours after HSV-1 infection, cPLA,, COX-2, and IL-1p were
found to be upregulated over 0 h controls 4.5-fold, 5.1-fold, and 7.2-fold, respectively, and
CFH was found to be reduced 4.5-fold when compared with 0 h controls (Fig. 3).

Discussion

The course of HSV-1 infection of nervous tissue

HSV-1 type strains are abundant in human nervous tissue and their presence is not related to
either age or sex [16]. HSV-1 type strains can be separated into low-reactivation and high-
reactivation phenotypes. Low-phenotypic reactivators are typified by HSV-1 strains F, KOS,
and 17APst, whereas high-phenotypic reactivators include HSV-1 strains 17syn+ and McKrae
[1]. Inanimal models, HSV-1 strains F, KOS, and 17APst exhibit low-reactivation frequencies
when latent animals are given stress inducers. In contrast, HSV-1 strains 17syn+ and McKrae
exhibit high-reactivation frequency when given inducers of physiological stress [1]. As
expected, an infection of HSV-1 (17syn+) in brain cells using an MOI (HSV-1 particle-to-cell
ratio) of both 5 to 10 produced a typical progressive loss of processes and cell rounding (Fig.
1) that have been characterized earlier [4,5].

Gene expression in HSV-1-infected brain cells: upregulation of cPLA,, COX-2, and IL-18

The actions of the inducible cPLA, (group IVA, cytosolic, calcium-dependent), the
oxidoreductase COX-2, and the brain abundant inflammatory cytokine IL-1f are significantly
interrelated in driving the development of brain cell degeneration. The cPLA,, an inducible
membrane-associated attack enzyme hydrolyzes the sn-2 position of membrane
glycerophospholipid stores to generate AA. As a primary initiator of the AA cycle, cPLA; and
subsequent actions of COX-2 generate eicosanoids and lipid mediators that through lipid—
protein and trans-synapse interactions regulate vital signaling and biophysical aspects of
plasma membrane biology [16,17]. Excessive cPLA, action may destabilize plasma
membranes and favor HSV-1 entry into cells (unpublished observations). The genes encoding
cPLA, and COX-2 are physically linked at human chromosome 1g25.2-g25.3, and may be
under coordinate genetic control as they are often coinduced by oxidative and other
physiological stressors (Fig. 3) [16-18]. Interestingly, cPLA, activity copurifies with HSV-1-
specified Fc receptor protein, and COX-2 inhibitors, including nonsteroidal anti-inflammatory
drugs, also inhibit HSV-1 proliferation [19]. COX-2 and cPLA; are found to be consistently
overexpressed in Alzheimer-affected brain regions and seem to be centrally involved in the
acquisition and maintenance of proinflammatory and apoptotic signaling events [13,17,18].
Levels of several brain-abundant inflammatory peptide cytokines including IL-1p are also
elevated in Alzheimer brain [13]. As a potent inducer of COX-2 expression, IL-1p not only
sustains, but propagates existing inflammatory and apoptotic processes by positive
reinforcement mechanisms [11-13]. Indeed, various layers of regulation are used by neural
cells to avoid uncontrolled immune and inflammatory responses. Chronic inflammatory
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signaling by COX-2 and cPLA,, driven by the excessive induction of a pathogenic hostimmune
response, may be used as a key strategy by viruses to ensure their survival and propagation in
host cells.

Upregulation of miRNA-146a and downregulation of CFH

The role of miRNAs as downregulators of gene expression in health and disease has been
investigated using miRNA-array and DNA-array analytical strategies, miRNA and mRNA
pair-matching and bioinformatics, and by gain-of-function and loss-of-function approaches.
The miRNA-146a was first identified as an immune regulator, responsive to induction by
IL-1B and other proinflammatory cytokines in human monocytes [8,10]. Extension of these
studies to human brain cells and tissues has shown that miRNA-146a is an inducible, low-to-
moderately abundant small RNA in human brain, has a relatively short half-life, in the order
of approximately 1.5 h, and is rapidly induced by IL-1, by amyloid-B42 peptides, by oxidative
stress, and by HSV-1 infection (Fig. 2) [9,11,14]. Interestingly, IL-1p, amyloid-p42 peptides,
oxidative stress, and viral infection all upregulate pathogenic gene expression by their
activation of the proinflammatory transcription factor NF-xB, and miRNA- 146a is under NF-
kB transcriptional control [10,11,20]. Moreover, miRNA-146a upregulation is strongly linked
to downregulation of CFH, an important repressor of the complement signaling cascade [8,
21]. Conversely, blocking of NF-«kB activation using pyrrolidine dithiocarbamate or the
resveratrol analog CAY 10512 in human brain cells displays strong anti-miRNA-146a effects,
resulting in increased CFH expression and consequent rescue of proinflammatory signaling
markers [11]. The known inhibition of HSV-1 replication and suppression of HSV-1- induced
activation of NF-kB by the phytoalexin resveratrol could be, in part, regulated by reduced
miRNA-146a signaling; however, this mechanism remains to be investigated [11,22]. More
recently, Epstein—Barr virus and vesicular stomatitis virus have been shown to significantly
upregulate the expression of mMiRNA-146a, and act as a miRNA-146a-mediated negative
regulator of tumor necrosis factor receptor-associated factor 6 (TRAF6), and interleukin-1
receptor-associated kinase-1 (IRAK1), key elements of the host immune and inflammatory
response [23,24]. Although this is the first reported coordinated upregulation of cPLA,,
COX-2, IL-1B, and miRNA-146a in HSV-1-infected HN cells coupled to a decrease in the
expression of the miRNA-146a target, CFH, specific interactions between miRNA-146a and
CPLA,, COX-2, or IL-1p gene expression, if any, are not currently known. Finally, in addition
to host miRNAs, HSV-1 has been reported to induce specific ‘viral miRNASs’, the functions
of which are not completely understood [25].

Conclusion

We showed an elevation of cPLA,, COX-2, IL-1B, and miRNA-146a in HSV-1-infected HN
cells, and adecrease in the expression of a known miRNA-146atarget, CFH. These data suggest
an evasion of HSV-1 from complement activation, a major first-line host defense mechanism.
Anti-inflammatory, antiviral, or anti-miRNA strategies, or their combination, may be useful
in retarding the success of HSV-1 infection.
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Fig. 1.

Morphology of human neural (HN) cells before (a, ¢, and e) and after (b, d, and f) infection
with herpes simplex virus type-1 (HSV-1). (a) Control, 24 h x10 magnification and (b) HSV-1
infected, 24 h x10 magnification; note rounding up of cell bodies and loss of normal HN cell
morphology (arrows). (¢) Control, 24 h x20 magnification, (d) HSV-1 infected, 24 h x20
magnification, (e) control, 48 h x20 magnification, and (f) HSV-1 infected, 48 h x20
magnification; as indicated by arrows, note progressive atrophy of cell bodies and neurite
extensions, cellular blebbing, and irregular morphology of HN cell bodies after 48 h HSV-1
infection.
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Fig. 2.

(a) Specific upregulation of miRNA-146a (coordinate 2C) on miRNA array panels and (b)
signal quantitation of miRNA Northern dot blots. Individual miRNA panels were probed with
total miRNA obtained from control and herpes simplex virus type-1 (HSV-1)-infected human
neural (HN) cells (48 h) (a) and the results were compared; by convention, blue fluorescence
indicates no expression detected and green-brown fluorescence indicates nonsignificant
changes compared with controls. Column 1A-1H represents eight hybridization controls
whose identity can be found at www.lcsciences.com; other miRNA signals are for miRNA-144
(2A), miRNA-145 (2B) miRNA-146b (2D), miRNA-147 (2E), miRNA-148a (2F),
mMiRNA-148b (2G), miRNA-149 (2H). Those miRNAs that were detected in HN cells, but
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whose relative signal strength neither increased nor decreased significantly after HSV-1
infection were miRNA-200b (3D), miRNA-200c (3E), miRNA-202 (3F) and miRNA-203
(3H). (b) N=4; significance over ‘0’ time controls; *P<0.05; **P<0.01 (analysis of variance).
miRNA, microRNA.
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Fig. 3.

Western-based analysis showing specific upregulation relative abundance of human cytosolic
phospholipase A, (CPLA)), cyclooxygenase-2 (COX-2), and interleukin-1p (IL-1p) in 0, 24,
and 48 h herpes simplex virus type-1 (HSV-1)-infected human neural cells and downregulation
of complement factor H (CFH); the relative signal strength for B-actin did not significantly
change after HSV-1 infection; N=4; significance over ‘0’ time controls; *P<0.01 (analysis of
variance).
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