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felidalpha-1 (FHV-1) field and vaccine strains

Emily Kwan', Alistair R. Legione', Carol A. Hartley' and Joanne M. Devlin'"

Abstract

Background Varicellovirus felidalpha-1 (FHV-1, previously Felid alphaherpesvirus-1) is a significant cause of upper
respiratory tract disease in feline populations. Cats infected with FHV-1 show clinical signs that vary in severity. This
can be due to differences in host responses and virus strain virulence. Investigating the gene transcription profiles
during infections using FHV-1 strains could inform our understanding of host and viral factors contributing to disease
outcomes. This study characterised the transcriptomes of Crandell-Rees feline kidney (CRFK) cells infected with field
or vaccine FHV-1 strains to better understand the host response during infection.

Methods Crandell-Rees feline kidney cells were infected with either the FHV-1 F2 vaccine strain or the 384/75 field
strain associated with severe disease. The transcriptomes were characterised using RNA-sequencing. To determine the
host cellular transcription profile, the total transcripts were mapped to the cat genome and compared to uninfected
cells. To characterise the viral transcription profile, the total reads were mapped to each FHV-1 strain. The differentially
expressed host genes between infection strains were compared and further analysed using the PANTHER database to
examine host pathway regulation.

Results The findings in this study show the differential host gene expressions induced by FHV-1 compared to
uninfected CRFK cells. Genes encoding histone proteins were upregulated, while genes involved in cell adhesion

and migration processes were downregulated during infections with FHV-1. Comparative analysis between field and
vaccine strains showed similarities and differences in host gene expressions. Notably, upregulated genes unique to
the field strain were associated with regulatory proteins involved in the cell cycle, while downregulated host genes in
field and vaccine strains showed distinct host gene and pathway expressions involved in immune activation.

Conclusions This study demonstrates the host and viral gene expressions during FHV-1 infection shows the distinct
host responses to field and vaccine strains using an in vitro model. These findings provide a foundation for future
transcriptomic investigations in other cell types, including ex-vivo explants systems, to enhance our understanding of
host and viral factors contributing to disease outcomes.

Keywords Feline herpesvirus-1, Upper respiratory tract disease, Feline viral rhinotracheitis, Transcriptomics, Virus-host
interaction, Molecular pathogenesis
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Background

Feline viral rhinotracheitis (FVR) is a highly infectious
upper respiratory tract disease (URTD) in cats caused
by Varicellovirus felidalpha-1 (FHV-1, previously Felid
alphaherpesvirus-1). This enveloped double-stranded
DNA virus is a member of the Alphaherpesvirinae sub-
family and Varicellovirus genus [1]. Similar to other
alphaherpesviruses, FHV-1 can establish latent infec-
tions in the trigeminal ganglion following primary FHV-1
infection [2]. During latency, cats do not present clini-
cal signs or shed the virus. However, spontaneous viral
reactivation can occur, resulting in viral shedding with or
without clinical signs [3, 4]. Primary FHV-1 replication
occurs in the mucosae of the eyes and upper respiratory
tract, which can lead to clinical signs such as, rhinitis,
conjunctivitis, and ocular ulcerations. In severe infec-
tions, FHV-1 can lead to blindness [5], pneumonia [6]
and nonsuppurative meningoencephalitis [7]. Addition-
ally, the presence of other viruses such as Feline calici-
virus (FCV), can change FHV-1 infection outcomes and
result in severe infections that lead to euthanasia [4, 8—
10]. Analysis of FHV-1 strains show low genetic diversity
(<0.01) which suggest genomic virulence determinates
are unlikely related to host disease severity [11, 12].

The FHV-1 genome is 134 kbp, which encodes 78 open
reading frames (ORFs) and 74 proteins [3, 13]. Dur-
ing viral replication, the synthesis of herpesvirus DNA
occurs in the nucleus while protein synthesis takes place
in the cytoplasm. Viral components either on the cell
surface or within the cell can trigger immune responses
during viral replication and many viral immune evasion
strategies have been characterised to occur during alpha-
herpesvirus infections. Previous FHV-1 transcriptomic
studies using RT-qPCR observed significantly increased
nasal cytokine gene transcription in cats with FHV-1,
which suggests host responses can contribute to FHV-1
pathogenesis and disease outcomes [14]. Several factors
including the age, immune status and vaccination history
of the cat, can contribute to the severity and outcome
of FHV-1 infection. Investigating the transcriptomic
response during FHV-1 infection may inform our under-
standing of host and viral factors contributing to viral
pathogenesis and disease outcomes.

Table 1 FHV-1 isolates used in this study

Virus ID Year of Genbank Acc. Disease Site
isolation No.

384/75 1975 KR381782 (12) Pneumonia Lung

356/75b 1975 KR381784 (12)  URTD' N/A?

Feligen 1975 KR296657 (15) N/A? Vaccine

571/79 1979 KR381785 (12) Conjunctivitis Eye swab

T URTD =Upper respiratory tract disease
2 N/A=Not applicable
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Current FHV-1 vaccines are highly adapted to cell
culture and are modified live-attenuated or inactivated
forms of the F2 strain. The parent virus of the F2 strain
was originally isolated in 1958 and attenuated through
many passages in Crandell-Rees feline kidney (CRFK)
cells at a low temperature [15]. Vaccinated domestic cat
populations show effective protection against FHV-1
clinical signs. However, the impairment of the immune
response by FHV-1 can increase the susceptibility to sec-
ondary infections and severe diseases [8]. Current FHV-1
vaccines can minimise the severity of clinical signs but do
not prevent infection or the establishment of latent infec-
tions [3, 16]. Investigating the host and viral gene expres-
sions during FHV-1 infections using strains that differ
in virulence could shed light on the effects of viral strain
virulence on host responses and infection outcomes.
This study investigates the transcriptomes of CREK cells
infected with FHV-1 field or vaccine strains using an
in vitro model to better understand host responses to
FHV-1.

Methods

Virus selection and cell culture

Archived FHV-1 isolates of the F2 vaccine strain Feligen
(Virbac New Zealand Ltd) and field strains that had been
collected from cats with URTD were selected based on
clinical signs and disease severity (Table 1) (Vaz et al,,
2016). These isolates had 99.3% genetic identity using
MAFFT whole genome alignment [17]. Monolayers
of CRFK cells [18] were grown at 37°C in a humidified
atmosphere of 5% v/v CO, in growth media containing
Dulbecco’s Modified Eagle basal media (DMEM, Sigma),
5% v/v foetal bovine serum (FBS, Sigma), 10 mM N-2-hy-
droxyethylpiperazine-N’-2- ethanesulfonic acid (HEPES)
(pH 7.7) and antimicrobials (50 mg/mL ampicillin, 5 mg/
mL amphotericin B).

Viral growth kinetics

One-step growth kinetics of each strain were deter-
mined in triplicate 6-well plates of CRFK cells. Unin-
fected cell monolayers at approximately 75% confluency
were separately inoculated with each strain at a multi-
plicity of infection (M.O.L) of 5 TCIDy, per cell. Unin-
fected control monolayers were mock inoculated with
growth media only. After 1 h of incubation at 37 °C,
the cell monolayers were washed twice with phosphate-
buffered saline solution (PBS, pH 7.4, 137 mM NacCl,
8.2 mM Na,HPO,, 2.7 mM KCl) to remove the resid-
ual inoculum. Maintenance media containing DMEM
with 1% v/v FBS, 10 mM HEPES pH 7.7 buffer solution
and antimicrobials (50 mg/mL ampicillin, 5 mg/mL
amphotericin B) were then added to each well. Samples
were collected at six timepoints; 1-, 3-, 9-, 12-, 18- and
24-hour post-infection (h.p.i.) by freezing the plates at
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- 80 °C. The material in each well was stored in 1 mL ali-
quots and used to determine the viral titres in CRFK cells
by TCIDs,, titration assays [19]. Statistical analysis of viral
titres between FHV-1 strains at each time point was per-
formed using Student’s t-test, with P-values <0.05 consid-
ered significant.

Sample Preparation for RNA sequencing

Inoculations of the Feligen vaccine strain and field strain
384/75 at an M.O.L of 5 TCIDg, per cell were performed
in 6-well plates of CRFK cells in triplicate and harvested
at 6 h.p.i. for RNA isolation and sequencing. The super-
natant was collected from the cell monolayers and stored
in 1 mL aliquots at -80 °C. These samples were used to
quantify viral titres by TCIDygj, titration assays [19]. The
cell monolayers were scraped from the wells and cen-
trifuged at 300 x g for 5 min to remove the remaining
supernatant. The pelleted material was resuspended in
RLT Plus buffer (RNeasy Mini Kit, Qiagen) with 1% v/v
[B-mercaptoethanol and stored at —80 °C. The total RNA
was extracted using the RNeasy Plus mini kit (Qiagen),
according to the manufacturer’s instructions. The quality
of RNA in each sample was quantified using the Agilent
4200 TapeStation system (Agilent Technologies, Santa
Clara, CA). All samples showed RNA integrity numbers
(RIN) > 8 and were used for Illumina RNA-sequencing.

lllumina RNA sequencing

Libraries of cDNA were constructed and sequenced at
the Australian Genome Research Facility (AGREF, Mel-
bourne). Briefly, the TruSeq stranded mRNA library
preparation kit (Illumina Inc., San Diego) was used to
construct cDNA libraries. Samples with the correct frag-
ment size (~260 bp) were normalised to a sequencing
depth of 20 million reads on the NextSeq 500 sequencing
platform (Illumina Inc, San Diego) to produce libraries of
150 bp paired-end reads.

Quality control and processing of RNA-seq reads

Raw sequence reads were uploaded to the Galaxy web
platform and analysed on the public server usegalaxy.
org to assess the read quality using FastQC version 0.11.8
[20, 21]. Adapter sequences and low-quality reads were
trimmed using CutAdapt [22, 23]. The high-quality reads
were mapped to the annotated domestic cat genome
126 version 1 [24] (general feature format and FASTA
format), obtained from the NCBI database (Genbank
accession no. GCF_018350175.1), to determine host
transcription. The total reads from each library were also
mapped to the FHV-1 field strain 384/75 genome [12]
(Genbank Accession No. KR381782) to compare viral
transcripts between field and vaccine strains. Both host
and viral read mapping was performed using RNAstar
[25].
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Differential gene expression analysis

The host and viral counts per gene were normalised and
converted to log, counts per million (CPM) on the inter-
active RNA-seq analysis platform Degust using Voom/
Limma version 4.2 [26—-28]. Significant changes to gene
expression were filtered in the RStudio environment ver-
sion 2023.06.1 + 524 using the log, fold changes (LFC)
that met the following conditions: (i) genes must have
greater than 10 CPM reads in at least one treatment
group, (ii) the LFC must be greater than 2 (or less than
—2), and (iii) the false discovery rate (FDR) of genes must
be <0.05. Analyses of viral gene expression were per-
formed on Geneious Prime 2023.0.1.

Categorisation of host genes with gene ontology
Differential host gene expression was further analysed on
the online PANTHER database version 17.0 to identify
enriched gene ontology (GO) terms that were retrieved
from the Uniprot database [29]. The protein-encoding
genes of the cat were extracted, indexed and linked to
the differentially expressed host genes to analyse pathway
regulation by biological function [30]. Statistical enrich-
ment analysis on the differentially expressed genes was
categorised by molecular function, cellular component,
and biological processes with P-values <0.05 considered
significant [31].

Sample Preparation for UL32 RT-qPCR

To further investigate FHV-1 UL32 expression, CRFK
cells were infected and harvested as described for viral
growth kinetics. At each timepoint, the cell monolay-
ers were scraped from the wells and centrifuged at
300 x g for 5 min to remove the supernatant. The pel-
leted material was resuspended in RLT buffer with 1%
v/v B-mercaptoethanol and stored in 1 mL aliquots at
—-80 °C. The total RNA was extracted using the RNeasy
Plus mini kit and converted into cDNA using the Super-
Script III reverse transcriptase kit (Invitrogen), following
the manufacturer’s instructions. The cDNA of each trip-
licate across the six timepoints was stored at —80 °C and
quantified using RT-qPCR.

Preparation of standards for UL32 RT-qPCR

Field strain 384/75 was used to generate standard curves
for UL32 RT-qPCR transcription analysis. The total RNA
was extracted using the RNeasy Plus mini kit and con-
verted into cDNA using the Superscript III reverse tran-
scriptase, according to the manufacturer’s instructions.
The concentration of cDNA was determined using the
Qubit RNA Broad Range Assay kit (Invitrogen) and seri-
ally diluted 10-fold from 10® to 102 copies per pL in tripli-
cate with nuclease-free water.
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FHV-1 RT-gPCR

Primer sets for UL32 and UL33 genes were designed to
produce 150 bp products. Each 20 uL reaction was per-
formed in the AriaMx Real-Time PCR system (Agilent
Technologies) and contained 0.17 mM of either UL32
or UL33 primers (Table 2), 0.2 mM of each ANTP, 2 mM
MgCl,, GoTaq colourless buffer (Promega), 8 mM Syto
9 (Life technologies), 1 U GoTaq Flexi DNA polymerase
(Promega) and 3 pL of cDNA template. Negative control
reactions containing DNA-free water instead of cDNA
template were included in triplicate. Initial denaturation
was performed at 95 °C for 3 min, followed by 35 cycles
of denaturation at 95 °C for 30 s, annealing at 58 °C for
30 s and extension at 72 °C for 20 s. A melt curve was
produced by heating the amplified product from 72 to
95 °C, increasing by 0.2 °C every second, to confirm the
correct product was amplified. The genome copies in
each sample were determined using the AriaMx Real-
Time PCR software and the UL32 transcription was nor-
malised to the neighbouring upstream gene UL33 at each
timepoint for field and vaccine strains. The UL33 gene is
conserved amongst alphaherpesviruses and transcribes
independently to UL32. The relative UL32 expression in
the vaccine infection group at each timepoint was com-
pared to the field infection, using Student’s t-test with
P-values <0.05 considered significant.

Results

Growth kinetics of FHV-1 field and vaccine strains

The growth curves of the different FHV-1 strains were
similar over 24 h (Fig. 1). Cytopathic effects (CPE) were
observed in cells infected with FHV-1 from 6 h.p.i. Sta-
tistical analysis of viral titres between FHV-1 isolates
showed significantly higher titres of field strain 356/75b
compared to the vaccine strain at 1 and 18 h.p.i. (P=0.04
and P=0.02, respectively) and significantly higher titres
than field isolate 571/79 (P=0.02) at 3 h.p.i. and 384/75
(P=0.02) at 24 h.p.i. Field isolate 384/75 showed signifi-
cantly lower viral titres than isolate 356/75b at 12 h.p.i.
(P=0.03). No CPE was observed in the uninfected cells at
any time point.

Host and viral RNA are distinguishable in FHV-1 infections
in vitro

High-quality reads across the infection groups mapped
to the domestic cat genome. In samples infected with
FHV-1 field or vaccine strains, the total reads also
mapped to the genome of the field strain 384/75 (Fig. 2).
The principal component analysis (PCA) plot generated
using the log, CPM values of the total reads mapped to
the cat genome showed minimal variation between the
triplicates of FHV-1 infection groups and a distinct dif-
ference between the infection groups and uninfected
samples (Supplementary Fig. 1). The data from this study
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Table 2 Primers used for UL32 FHV-1 RT-qPCR

Primer Direction Sequence (5'— 3') Binding site (nt)’

UL32  Forward = CCATACCACTCTGTGCCACC  46,212-46,231
Reverse GAACGCCCCCACCAAAGTAA  46,318-46,299

UL33  Forward  AACGTGATTTTTGCGTGGCC  45,525-45,544
Reverse TTATCATATACCCAGCGACTCG  45,624-45,603

" Nucleotide numbers of the binding site relate to the alignment of the FHV-1 F2
vaccine strain (Feligen) (Genbank Accession No. KR296657)

9
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—
1S ® 356/75b
5 © < 571/79
Q. Vaccine
3 @ 384/75
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|_
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Fig. 1 One-step growth curves of FHV-1 field and vaccine strains in CRFK
cells infected in triplicate an M.O.l. of 5 TCIDs, per cell. Viral titres at each
timepoint were determined using TCID, assays and the mean TCIDs, titre
across triplicates is shown. Error bars represent the standard deviation

has been deposited to the NCBI BioProject database
under BioProject accession number PRJNA1082348.

Field and vaccine strains show minimal differences in viral
gene transcription

Viral reads in the FHV-1 infection groups mapped to the
complete FHV-1 genome consisting of 73 viral genes.
The transcript per million (TPM) of each FHV-1 gene is
shown in Fig. 3. Differential viral gene expression analysis
of the vaccine strain compared to the field strain showed
a significant difference in UL32 gene transcription with
an LFC of 2.16 (P<0.01) (Supplementary Fig. 2).

Further examination of UL32 transcription in CRFK
cells infected with FHV-1 field or vaccine strain, using
RT-qPCR, did not show significant differences in rela-
tive UL32 expression, compared to UL33, across time-
points between field and vaccine strains. The average
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copy numbers of UL32 and UL33 transcripts in samples
infected with field or vaccine strains are shown in Fig. 4.

Field and vaccine FHV-1 strains induce changes to host
cellular gene expression

The total host reads in the field and vaccine infection
group compared to the uninfected samples showed dif-
ferentially expressed host genes (Fig. 5). Cells infected
with the field strain 384/75 showed a total of 1,024 dif-
ferentially expressed genes compared to uninfected cells,
of which 837 were upregulated and 187 were downregu-
lated. In cells infected with the vaccine strain, 2,823 genes
were differentially expressed. Of these 2,500 genes were
upregulated and 323 genes were downregulated.

Differentially expressed host genes between field and
vaccine strains

A comparison of the differentially expressed host genes in
the field and vaccine infection groups showed 795 genes
that were identified in both infection groups (Fig. 6). Of
these, 682 were upregulated and 113 were downregu-
lated. The remaining genes differentially expressed in
each infection group showed the vaccine infection group
with ten times more differentially expressed genes than
the field infection group. The top 10 commonly up- and
downregulated genes showed similar changes in host
gene expression between field and vaccine infection

7]

g 7

o Primer
o

GC) — UL32
o -- UL33
()}

o 6

o .

— Virus

(0]

()] © 384/75
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= Vaccine
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0O 3 6 9 12 15 18 21 24
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Fig. 4 The average genome copies of UL32 and UL33 transcripts in CRFK
cells infected with field or vaccine FHV-1 strains using RT-gPCR. Error bars
representing the standard deviations of each replicate at each timepoint
are shown
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groups, compared to uninfected cells (Table 3). Genes
encoding histone proteins dominated the top 10 upreg-
ulated gene, accounting for eight upregulated genes in
both infection groups. The top 10 downregulated genes
common to both infection strains dysregulated cell sur-
face and pattern recognition receptors, as well as genes
regulating cell adhesion, migration and division pro-
cesses associated with immune responses.

Host gene expressions can differ between field and vaccine
FHV-1 strains

The top 10 up- and downregulated genes unique to each
infection group showed higher changes in LFC expres-
sion levels in cells infected with the vaccine strain than
the 384/75 field strain (Table 4). The LFC values of
these genes were generally lower than the genes com-
mon between the infection groups described in Table 1.
The highest upregulated genes uniquely differentially
expressed in the field infection group were associated
with tRNA species and regulatory proteins involved in
the cell cycle. The characterised downregulated genes
were involved in the expression of transmembrane pro-
teins, binding proteins, and regulators of the immune
response. The greatest upregulated genes uniquely dif-
ferentially expressed in samples infected with the vaccine
strain were small non-coding RNA. The most down-
regulated genes were associated with kinase expression,
transmembrane cell signalling protein, cellular metabo-
lism, and inflammatory responses.

Field and vaccine FHV-1 strains enriched genes with
different host functions

The significant differentially expressed host genes in the
FHV-1 infection groups were linked to GO terms that
categorise the differentially expressed genes based on
their roles in cellular components, molecular functions,
and biological processes. The enriched GO terms in field
and vaccine infection groups showed differences within
each functional group category and more enriched GO
terms in cells infected with the field strain compared to
the vaccine strain (Fig. 7). Infections using the vaccine
strain induced more changes to host gene expression and
pathway regulations than the field strain but enriched
fewer host pathway functions. Independent enrichment
analysis of the upregulated and downregulated genes in
samples with FHV-1 infections did not show significantly
enriched GO terms across most functional categories.
Samples infected with the field strain showed an excep-
tion, with 27 upregulated genes enriched in DNA binding
molecular function.
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Table 3 The top 10 commonly up- and downregulated genes in CRFK cells inoculated with the field (384/75) or vaccine (Feligen)

strain
Up regulated Gene ID Gene function 384/75 Vaccine
FDR' LFC? FDR! LFC?

H4C16 Histone <0.01 748 <0.01 7.16
H4C13 Histone <0.01 748 <0.01 6.92
H2BC3 Histone <0.01 732 <0.01 732
H3C11 Histone <0.01 721 <0.01 7.80
LOC123386069 - <0.01 7.20 <0.01 7.80
LOC111559230 - <0.01 6.98 <0.01 8.68
H3C6 Histone 0.01 6.86 <0.01 6.94
Histone H4 Histone <0.01 6.81 <0.01 748
Histone H4 Histone <0.01 6.78 <0.01 6.62
Histone H3.1 Histone <0.01 6.77 <0.01 6.71

Down regulated COL8A1 Cell homeostasis <001 -5.87 <0.01 -563
ATP6VOD2 Cell adhesion <0.01 -5.63 <0.01 -4.00
ADAMDECT Cell migration 0.03 -5.22 0.01 437
FGF7 Growth factor 0.01 -5.13 <001 -572
VCAM1 Cell surface receptor 0.00 -5.13 <0.01 -6.10
SCARAS Pattern recognition receptor 0.04 -5.11 0.01 -5.54
REG4 Cell homeostasis 0.01 -5.06 <001 -473
CB1H4orf36 - 0.02 -4.63 0.01 -2.20
MHC class Il Cell surface receptor 0.01 -4.58 <001 =217
TMEM100 Cell homeostasis <0.01 -4.56 <001 -5.14

" The false discovery rate (FDR) is shown

2 p-values < 0.05 with LFC> 2 for upregulated or < -2 for downregulated genes were considered significant

The functions of characterised genes are shown alongside the gene expression levels, which are represented by log, fold change (LFC), ordered by expression in

field infection samples

Table 4 Top 10 up- and downregulated genes uniquely expressed in CRFK cells infected with the FHV-1 field strain (384/75) or

vaccine strain (Vaccine)

Up regulated

Down regulated

Gene ID

LOC111560238
LOC109499602
TRNAW-CCA_8
TRNAF-GAA_10
LOC109491671
LOC109500935
LOC101088630
SFN
LOC111560944
LOC109493372
TMEM26

INHBE

FABP7
LOC109491403
LOC123380486
LOC111558401
LOC123383220
LOC109503254
LOC123383127
LOC109500446

384/75
FDR!
0.04
0.02
0.04
001
0.02
001
0.02
0.05
001
<001
0.02
001
0.03
001
0.02
001
001
0.02
001
0.03

LFC?
429
347
344
343
342
338
3.29
3.22
3.19
3.19
-3.77
-3.49
-3.30
-3.20
=311
-3.10
-3.08
-2.99
-298
-2.95

Gene ID

SNORD58
SNORA3/45
LOC123384631
SNORD14
LOC109502106
LOC111561262
LOC111561932
SNORD22
LOC123385372
LOC109501215
TRIB3
LOC109503125
LOC101096785
XPNPEP2
LOC111556196
EDNRA
DUOX2
LOC102899057
HLF
LOC101085945

Vaccine
FDR'
<001
<001
<0.01
<001
<0.01
<001
<001
<0.01
<001
<0.01
0.01
0.01
0.01
0.05
0.01
0.01
<001
<0.01
<0.01
<001

LFC?
571

552
547
545
545
535
532
518
513
5.10
-435
413
4,00
-365
356
342
342
340
334
331

" The false discovery rate (FDR) is shown

2 p-values < 0.05 with LFC> 2 for upregulated and LFC < -2 for downregulated were considered significant

Gene expression levels are represented by log, fold change (LFC) and were compared to uninfected samples across triplicates
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Modulation of chemical synaptic transmission -
Regulation of system process -
Regulation of DNA - templated transcription -

GO terms

Postsynapse A

Cytoplasmic vesicle 1

Cell-cell junction -

Endoplasmic reticulum membrane -
Transmembrane transporter complex -

Ligand-gated monoatomic ion channel activity -

Voltage-gated monoatomic cation channel activity -

Potassium channel activity -

Chromatin binding -

Signaling receptor binding -

Oxidoreductase activity 4

G protein-coupled receptor activity -

Structural constituent of ribosome -

Voltage-gated potassium channel activity -

Antioxidant activity

Glutamate receptor activity -

DNA-binding transcription repressor activity, RNA polymerase lI-specific -
Kinase binding -

Receptor ligand activity 4

RNA polymerase Il cis-regulatory region sequence-specific DNA binding -
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Fig. 7 Statistical enrichment analysis of the total up- and downregulated protein-encoding genes in the field and vaccine infection groups by biological
process, molecular function, and cellular components. Overrepresented GO terms are shown >0 and the underrepresented GO terms are shown <0.The

number of enriched genes that contributed to each pathway is shown

Field and vaccine FHV-1 strains regulated different host
pathways

The differentially expressed host genes in samples
infected with the vaccine strain regulated more host
proteins and pathways than cells infected with the field
strain. Infections with the vaccine strain contributed to
224 protein-encoding genes which regulated 76 path-
ways, compared to 93 genes in the field strain regulat-
ing 48 pathways (Supplementary Fig. 3). Comparative
analysis of host proteins and pathways between field and
vaccine strains showed the expression of 34 unique pro-
tein-encoding genes in samples infected with the vaccine
strain, which contributed to 24 dysregulated pathways
(Fig. 8).

Discussion

The host and viral transcription profiles of CRFK cells
infected with field or vaccine FHV-1 strains were anal-
ysed at 6 h.p.i. At this timepoint, viable cell monolayers
showed early signs of CPE due to FHV-1. This indicated
active viral replication and cellular mRNA transcription
in the infected cell cultures. Feline kidney cells are epi-
thelial cells, which are highly susceptible to FHV-1 infec-
tions and do not have immune function. This allows the
findings of this study to demonstrate the host response

during FHV-1 infections in a homogenous cell popula-
tion from the natural host. By characterising the tran-
scriptomes of cells infected with the F2 vaccine strain
or 384/75 field strain, associated with severe URTD, this
study explored the potential impact of viral strain viru-
lence. Infections of CRFK cells with field and vaccine
FHV-1 strains induced significant changes to host gene
expression when compared to uninfected cells. Histone
genes were strongly represented in the top 10 upregu-
lated genes in CRFK cells infected with field or vaccine
strains, while genes associated with cell adhesion and
immune activation were downregulated. Comparative
analysis of host transcription profiles between field and
vaccine strains showed similarities and differences in
host gene expression, with some genes associated with
immunoregulation distinctly expressed during infection
with each FHV-1 strain. The findings in this study show
the host and viral gene expressions during infections
using field or vaccine FHV-1 strains, which demonstrates
the different host responses associated with viral strain
virulence.

Histone genes were upregulated during FHV-1 infec-
tions, compared to uninfected cells, which is consistent
with previous studies using herpes simplex virus type
1 (HSV-1) [32-34]. Histones are structural proteins
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Sample [] Vaccine

T cell activation 4

Ras Pathway 1

Pentose phosphate pathway -

Notch signaling pathway -

Hypoxia response via HIF activation -
Glycolysis -

Fructose galactose metabolism -
Circadian clock system -

Axon guidance mediated by Slit/Robo -
Ubiquitin proteasome pathway -
Tyrosine biosynthesis
Thyrotropin-releasing hormone receptor signaling pathway
Nicotine pharmacodynamics pathway

Endothelin signaling pathway- |

Endogenous cannabinoid signaling -

Cortocotropin releasing factor receptor signaling pathway -
Arginine biosynthesis 4

Toll receptor signaling pathway -

PI3 kinase pathway -

Oxytocin receptor mediated signaling pathway -

Histamine receptor mediated signaling pathways -
GABA-B receptor Il signaling -

Enkephalin release -

Dopamine receptor mediated signaling pathway -

No. of genes

Fig. 8 Host pathways uniquely regulated in CRFK cells infected with the vaccine strain compared to cells infected with the field strain. The number of
upregulated protein-encoding genes contributing to host pathways are shown >0 and the downregulated genes are shown <0

that package DNA within the cell nucleus and form the
nucleoprotein complex, chromatin. The upregulation
of histone genes in this study highlights the interac-
tions between histones and the viral genome, which are
well-characterised in alphaherpesviruses [35]. Upon
viral entry into the nucleus, herpesvirus DNA can bind
to histones and induce modifications to the structure of
host chromatin, which can activate the expression of pre-
cursor histones. Host repair factors and DNA damage
responses are associated with chromatin modifications,
which could suggest host DNA repair pathways may be
activated during herpesvirus infection [36].

Cell surface receptors and growth factors associated
with innate immune activity were downregulated dur-
ing FHV-1 infections compared to uninfected cells. This
finding is consistent with previous HSV-1 transcription
studies in epithelial cells which observed changes in host
pathways regulating cell adhesion and migration, and
immune activation [37]. Cell surface and pattern rec-
ognition receptors have roles regulating cell adhesion
and migration, including the recruitment of leukocytes,
such as macrophages and T-cells [38, 39]. Additionally,
cellular growth factors involved in cell injury responses
can influence cell differentiation and division processes
which contribute to inflammation and repair. In cats
with FHV-1 infections, RT-qPCR analysis observed sig-
nificantly increased chemokines and cytokines, including

tumour necrosis factor (TNF)-aq, interleukin (IL) -6, -10,
and interferon (IFN)-y mRNA transcription, which can
activate cell surface receptors [14]. The downregulated
genes in cells infected with FHV-1 is consistent with pre-
vious in vitro studies, which show FHV-1 can influence
immunoregulation and downregulate the surface expres-
sion of major histocompatibility complex (MHC) class II
proteins [40]. These findings highlight the viral immune
evasion strategies, which are well characterised in alpha-
herpesviruses, can influence cytokine gene expres-
sion and interferon signalling pathways during FHV-1
infection.

Comparative analysis between field and vaccine strains
showed distinct host pathways regulations associated
with cell migration, T-cell activation and innate immu-
nity during infections using the vaccine strain. While
the vaccine strain induced more host gene changes, the
field strain affected a broader range of host pathways.
The similarities and differences in host gene and path-
way expression associated with immune cell regulation,
between field and vaccine strains, suggests the magni-
tude of gene expression changes may influence the host
response. The vaccine strain may induce more targeted
changes in specific host pathways to activate a more tar-
geted immune response. However, the field strain may
influence more host functions, resulting in a broader
impact on immune responses. These findings indicate
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future studies investigating host responses associated
with viral strain virulence may inform understanding of
altered disease outcomes.

Viral transcripts of the late gene UL32 in the field
and vaccine FHV-1 strains showed conflicting results
between RNA-sequencing and RT-qPCR analysis. While
RNA-sequencing identified potential differences in UL32
transcription, this was not confirmed by RT-qPCR. Tran-
scriptomic analysis using RT-qPCR allows high speci-
ficity and sensitivity when analysing gene transcripts of
low target numbers [41-43]. The similar growth kinet-
ics between field and vaccine strains highlight the low
genetic diversity between clinical and vaccine FHV-1
isolates [11, 12], which suggest factors beyond viral gene
transcription may contribute to differences in viral viru-
lence between field and vaccine FHV-1 strains. While the
attenuation and antigenic difference of the F2 strain is
poorly understood, the UL32 gene is conserved amongst
herpesviruses and has roles in the cleavage and packag-
ing of viral DNA. Previous HSV-1 transcriptomic study
whichgrouped overlapping co-terminal genes into one
transcriptional unit to compare viral gene transcription
between different HSV-1 strainsshowed distinct viral
gene expression patterns between HSV-1 strains in neu-
ronal and epithelial cells [37]. However, by combining
genes, this approach may overlook differences in individ-
ual gene expressions within the transcriptional unit that
contribute to strain-specific host responses. Future stud-
ies can use the findings in this study to analyse specific
gene expressions at various timepoint across the viral
replication cycle or in other cell types, such as primary
respiratory cells, to explore strain-specific differences in
infection phenotypes.

Conclusions

This study characterised the host and viral transcrip-
tomic profiles of FHV-1 infections in vitro using field
and vaccine strains. By comparing the gene expres-
sions between FHV-1 strains that differ in virulence,
the findings in this study demonstrate the different host
responses associated with viral strain virulence. Investi-
gating the transcriptomic response to FHV-1 infection
can inform our understanding of variations in host and
viral factors contributing to disease outcomes, which
may inform future vaccine attenuation strategies. How-
ever, future transcriptomic studies in other systems, such
as respiratory tissue explant systems or in vivo infections,
will be needed to provide a comprehensive understand-
ing of host responses to FHV-1.
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