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ARTICLE INFO ABSTRACT

Keywords: Herpesviruses are the main cause of abortions and respiratory or neurological disorders in horses. Various disease
Equine herpesvirus patterns are suspected to be associated with the A2254G point mutation in the DNA polymerase sequence
EHV-1 (ORF30) of the herpesvirus genome, although the importance of this link is still under debate. Based on a label-
g;rr{edmhn free quantitative proteomic analysis, the differences in the secretion of some host proteins between rabbit kidney
Endoplasmin cells infected with Agos4 and cells of the same line infected with Goos4 equine herpesvirus 1 (EHV-1) strains were
Hspa5 identified. In both groups, downregulation of proteins involved in insulin growth factor and extracellular matrix

pathway regulation was observed. Among 12 proteins with increased secretion, 8 were regulated only in Ggas4
EHV-1 infection. Those were endoplasmic reticulum chaperones with calcium binding properties, related to
unfolded protein response and mitochondria. It was presumed that the secretion of proteins such as calreticulin,
Hspa5 or endoplasmin may contribute to the pathogenesis of EHV-1 infection.

1. Introduction

Equine herpesvirus-1 (EHV-1) is a pathogen causing abortion, res-
piratory disease and neurological disorders in horses worldwide (Kydd
et al., 2019). Although most EHV-1 strains can induce abortion, only
specific strains have the potential to cause equine herpesvirus mye-
loencephalopathy (EHM) (Oladunni et al., 2019). Endothelial cell in-
vasion and inflammation of the vasculature of the CNS are the key
features of this neurological syndrome (Edington et al., 1986; Holz et al.,
2019). Nugent et al. (2006) proposed the link between a point mutation
in the virus’ DNA polymerase ORF 30 (A2254G, N752D) and increased
frequency of neurological disease. However, factors other than the point
mutation are likely to be associated with neurological symptoms (Pro-
nost et al., 2010). In the mechanism of EHV-1 neuropathogenesis the
role of viral DNA polymerase, glycoprotein D, interferons, interleukins,
and chemokines CXCL9 and CXCL10 has been postulated (Holz et al.,
2017; Poelaert et al., 2019, 2018). It was also confirmed that the Goos4
EHV-1 strains replicate more efficiently in horses and produce a higher
virus titer than Agys4 strains (Allen and Breathnach, 2006). Both virus
strains replicated with similar kinetics in fibroblasts and epithelial cells,
but showed differences in leukocyte tropism. A significant increase was

observed in the sensitivity of Agss4 EHV-1 to afidicoline, a drug acting on
viral polymerase (Goodman et al., 2007). Additionally, it was shown
that Agos4 strains were more sensitive to acyclovir than Gagsg strains,
based on viremia measurements (Sutton et al., 2020). The above find-
ings indicate the association of different biological properties of EHV-1
with the A2254G mutation.

Proteomic analysis of the secretome of infected cells may contribute
to a better understanding of the pathogenesis of herpesvirus infection
(Hensel et al., 2020). The aim of our study was to define the differences
in the protein secretion between Ajs54 and Gaas4 EHV-1 infected cells. It
should be noted that rabbit kidney cells were used in the experiment and
the results obtained in this model may not fully reflect the virus—cell
interaction during in vivo infection of horses.

2. Materials and methods
2.1. Viruses
Laboratory reference strains and domestic isolates of Ggas4 EHV-1

(Ab4, PL/2009/11 and PL/2010/1I) and Agss4 EHV-1 (Kentucky D,
438/77 and PL/2016/1I) were used (Stasiak et al., 2015). Viral strains
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Differentially expressed proteins (DEPs) secreted in Goosg Or Agss4 EHV-1 strain infection.

NCBI ID q-value Fold change Gene Protein name Morphological & functional annotation*

ER MITO UPR IGF ECM
Upregulated — Ggos4:
XP008256277.1 0.00455 1.49 Pdia4 protein disulfide-isomerase A4 v
XP002711121.1 0.03313 1.48 Cs citrate synthase, mitochondrial v
AAB20096.1 0.00708 1.46 Calr calreticulin v v
NP001075637.2 0.03422 1.43 YWHAQ 14-3-3 protein theta
XP017205553.1 0.01151 1.36 Hspa5 78 kDa glucose-regulated protein v v
XP002710287.1 0.03902 1.35 Hspa9 stress-70 protein, mitochondrial v v
ABD77238.1 0.02965 1.34 ATP5B mitochondrial ATP synthase v
XP008255217.1 0.01252 1.32 Hsp90bl endoplasmin v v v
Downregulated — Gaosa:
XP017204105.1 0.02246 7.84 SEC23IP SEC23-interacting protein v
XP002710791.1 0.02133 1.76 EXT1 exostosin-1 v
XP008269665.1 0.04860 1.75 Serpingl plasma protease C1 inhibitor
XP017201501.1 0.04434 1.74 Csfl macrophage colony-stimulating factor 1 v v
XP017196042.1 0.03286 1.73 KLRK1 NKG2D ligand 2-like
ABQ23981.1 0.02765 1.72 MAM nephronectin
XP017194041.1 0.04187 1.71 NEO1 neogenin
XP008266038.1 0.00248 1.69 Igfbp7 IGF-binding protein 7 v v
XP002708816.2 0.00269 1.65 TPP1 tripeptidyl-peptidase 1
XP008267279.1 0.01110 1.62 Fbnl fibrillin-1 v v v
XP008269801.1 0.00591 1.61 GRN granulins v
XP002721425.1 0.00284 1.60 NAGA alpha-N-acetylgalactosaminidase
XP002710192.1 0.00185 1.59 LOX protein-lysine 6-oxidase isoform X2 v
XP008250585.1 0.00052 1.56 Nucbl nucleobindin-1 v v
XP002719886.1 0.03319 1.53 ATP6AP2 renin receptor
AAV34702.1 0.03638 1.51 HEXB beta-hexosaminidase beta-subunit
XP008268321.1 0.02120 1.51 EXT2 exostosin-2 v
ABQ23962.1 0.00052 1.49 Ctsb cathepsin B
XP002723857.2 0.04768 1.49 PXDN peroxidasin homolog isoform X1 v v
XP017200326.1 0.00433 1.49 CD109 CD109
Q9TRZ7.1 0.03313 1.48 Timp2 Metalloproteinase inhibitor 2 v
NP001076175.1 0.00465 1.47 Cst3 cystatin-C v v
XP008265088.1 0.00376 1.47 Fstll follistatin-related protein 1 v v
NP001164511.1 0.03293 1.46 MET hepatocyte growth factor receptor
XP002715057.1 0.00490 1.46 Qsox1 sulfhydryl oxidase 1 v v
XP002723887.2 0.02839 1.45 Loxl1 lysyl oxidase homolog 1 v
XP002712513.1 0.00131 1.44 IGFBP2 IGF-binding protein 2 v
XP008251825.1 0.00010 1.44 CTSD cathepsin D
XP008267930.1 0.00213 1.39 CD44 CD44 antigen isoform X5 v
XP008250933.1 0.03079 1.38 RNASET2 ribonuclease T2 v
XP008251456.2 0.03158 1.38 COL18A1 collagen alpha-1(XVIII) chain v v
Upregulated — Agas4:
XP002711597.1 0.00609 1.43 GOT2 aspartate aminotransferase, mitochondrial v
XP008257460.1 0.04358 1.33 SERPINE2 glia-derived nexin
Downregulated — Agass:
NP001075488.1 0.00822 1.56 ANXA8 annexin A8
XP017194515.1 0.01324 1.43 TLN1 talin-1 isoform X4

" Morphological and functional annotations based on STRING analysis: ER — GO:0005783 “Cellular Component — endoplasmic reticulum”, MITO — GO:0005759
“Cellular Component — mitochondrial matrix”, UPR - GO:0051082 “Molecular Function — unfolded protein binding”, IGF — HSA-381426 “Reactome Pathways —
Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs)”, ECM — R-HSA-1474244 “Reactome

Pathways — Extracellular matrix (ECM) organization”.

were propagated and titrated in rabbit kidney 13 (RK13) cells (CCL-
37™ ATCC®).

2.2. Virus infection studies and sample preparation

Cells were cultured in Eagle’s medium supplemented with 10% fetal
bovine serum in 75 cm? flasks. They were washed twice with PBS and
the virus was applied at MOI 0.5. After 1 h adsorption, the RK13 cells
were washed and maintained in serum-free medium. Mock-infected cells
were used as a control. After 24 h post infection (hpi), culture fluids were
collected. A cytotoxicity assay (Lactate Dehydrogenase (LDH) Kit,
Roche, Mannheim, Germany) was performed according to the manu-
facturer’s recommended procedure. For proteomic analysis culture
fluids were centrifuged at 600 xg for 10 min at 4 °C and then at 100000
x g for 2 h at 4 °C with a type 45 Ti rotor (Beckman-Coulter, Indian-
apolis, IN, USA). The supernatants were concentrated on 3 kDa cut-off
filters (UFC900324, Merck KGaA, Darmstadt, Germany). Proteins were
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precipitated with acetone (—20 °C), the pellets were suspended in 100
mM ammonium bicarbonate, and the proteins were reduced using 0.5 M
TCEP for 1 h at 57 °C and alkylated with 200 mM MMTS for 10 min in
the dark. The proteins were subsequently digested overnight with
trypsin (V5111, Promega, 0.01 pg per 1 pg of protein) and the reaction
was quenched with 0.1% TCA.

2.3. Label-free protein quantification and data analysis

Mass spectrometry label-free quantification was performed as pre-
viously described (Malinowska et al., 2012). Samples were measured
using a Q Exactive spectrometer (ThermoFisher Scientific, Waltham,
MA, USA) coupled with a nanoACQUITY UPLC system (Waters Corpo-
ration, Milford, MA, USA). Proteins were identified with Mascot Server
2.5 using databases of virus (NCBInr 20,180,903 and 2,311,225) and
rabbit (NCBInr 20,180,903 and 37,910) amino acid sequences and
verified with the target-decoy strategy. Data analysis was performed



W. Rozek et al.

Table 2
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Differentially expressed proteins (DEPs) secreted during infection with both Gyys4 and Ass4 EHV-1 stains.

NCBI ID q-value Fold change Gene Protein name Morphological & functional annotation*
ER MITO UPR IGF ECM
Upregulated - both groups Gaas4 and Apass:
XP002712414.1 0.00142 1.37 HSPD1 60 kDa heat shock protein, mitochondrial v v
0.00873 1.41
NP001075526.1 0.00010 1.31 PPIA peptidyl-prolyl cis-trans isomerase A v
0.00028 1.38
Downregulated - both groups Gaas4 and Agosa:
P017205630.1 0.00010 1.94 FSTL5 follistatin-related protein 5 isoform X1
0.00310 1.64
P98118.1 0.00010 1.87 PROS1 Vitamin K-dependent protein S v
0.00627 1.57
XP002719754.1 0.00010 1.9 TCN2 transcobalamin-2
0.00192 1.5
ACJ73996.1 0.00324 1.49 CDH2 cadherin 2 v v
0.04976 1.32
NP001095170.1 0.00010 1.52 DAG1 dystroglycan precursor v v
0.00016 1.40
NP001076101.1 0.00010 1.78 SOD3 extracellular superoxide dismutase
0.00312 1.46
XP008248493.1 0.00250 1.42 BGN biglycan isoform X1 v
0.00016 1.61
XP008272128.1 0.00010 1.63 CLU clusterin isoform X1 v
0.00016 1.60
XP017200867.1 0.00010 1.86 CTGF connective tissue growth factor
0.00016 1.36
XP002724384.1 0.00010 1.52 LGALS3BP galectin-3-binding protein
0.00016 1.65
XP008248965.2 0.00034 1.45 ICAM1 intercellular adhesion mol.1 isoform X1 v
0.00370 1.36
XP002714822.1 0.00914 1.52 FUCA2 plasma alpha-L-fucosidase v v
0.04831 1.36
XP002714872.1 0.00266 1.51 VNN3 vascular non-inflammatory molecule 3
0.00016 1.53
AAW79053.1 0.00421 1.59 TIMP-1 tissue inhibitor of metalloproteinase 1 v v v
0.04958 1.52

" Morphological and functional annotations based on STRING analysis: ER — GO:0005783 “Cellular Component — endoplasmic reticulum”, MITO — GO:0005759
“Cellular Component — mitochondrial matrix”, UPR - GO:0051082 “Molecular Function — unfolded protein binding”, IGF — HSA-381426 “Reactome Pathways —
Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs)”, ECM — R-HSA-1474244 “Reactome

Pathways — Extracellular matrix (ECM) organization”.

with in-house developed MScan and Diffprot software (Malinowska
et al.,, 2012). The SecretomeP algorithm was used to predict non-
classical protein secretion or the presence of the signal peptide (Bend-
tsen et al., 2004) and protein interaction network analysis was per-
formed using the STRING Pathways database (v11.0) (Szklarczyk et al.,
2015).

2.4. Immunoblotting

Immunoblotting was carried out as described previously (Rozek
et al., 2013). Twenty micrograms of protein was loaded and reacted with
antibodies against calreticulin (ab4109, Abcam, Cambridge, UK), heat
shock protein family A member 5 (Hspa5) (ABIN863113, Antibodies-
online, Aachen, Germany) or endoplasmin (ab233979, Abcam, Cam-
bridge, UK). A total protein staining was performed using Sypro™ Ruby
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s pro-
cedure. The chemiluminescence and fluorescence signals were captured
and analyzed using an LAS3000 luminescent image analyzer (FujiFilm
Life Sciences, Stanford, CT, USA). The signal ratios of proteins secreted
during EHV-1 infection to those of uninfected cells were determined for
calreticulin, Hspa5 and endoplasmin.

2.5. Statistical analysis

Non parametric statistical analysis of MS-derived data for differen-
tial proteomic was performed using Diffprot — software (Malinowska
et al., 2012). Diffprot was run with the following parameters: number of
random peptide sets = 10°, clustering of peptide sets—only when 90%
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identical. Prior to analysis, quantitative values were normalized with
LOWESS. Data were considered statistically significant when g < 0.05.
Immunoblot signal intensities were normalized based on total protein
staining according to Aldridge et al. (2008). Statistical significance for
both immunoblot and LDH analyses was determined using t-test.

3. Results

A total of 1201 proteins were identified in the secretome of unin-
fected RK13 cells and of those infected with EHV-1 (at least 2 peptides
per protein, FDR < 1%). The number of proteins detected in experi-
mental groups ranged between 597 and 847 (804-847 for Ggs4 strains,
775-847 for Ajos4 strains and 597-786 for uninfected cells). The mass
spectrometry proteomics data have been deposited with the Proteo-
meXchange Consortium/PRIDE (Perez-Riverol et al., 2019) under
number PXD017534.

Label-free quantitative proteomic analysis was carried out by the
comparison of peptides derived from proteins secreted from cells
infected with Ggas4 Or Agzs4 EHV-1 with those secreted by uninfected
control cells. Analysis revealed statistically significant (q < 0.05) dif-
ferential expression of 59 proteins (fold change, FC > 1.3). Among them,
39 were regulated only in Ggogs4 EHV-1 infection (8 up- and 31 down-
regulated), 4 were in Agss4 EHV-1 infection (2 up- and 2 downregulated)
(Table 1) and 16 in both cases (2 up- and 14 downregulated) (Table 2).

STRING, protein-protein interaction network analysis showed the
clustering of 55 out of 59 differentially expressed proteins. They were
annotated to different morphological and functional categories, with the
most pronounced being GO:0005783 “Cellular Component
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Fig. 1. The interaction network of proteins altered in the secretome of EHV-1 infected cells, STRING pathways analysis. Arrows indicate up- and downregulation,
colors indicate GO annotations: red — GO: 0051082 “Molecular Function — unfolded protein binding”; blue — GO:0005759 “Cellular Component — mitochondrial
matrix”; green — HSA-381426 “Reactome Pathways — Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Binding
Proteins (IGFBPs)”; yellow — R-HSA-1474244 “Reactome Pathways — Extracellular matrix organization”. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

endoplasmic reticulum” (24 proteins, FDR = 1.91e—09), GO:0005759
“Cellular Component - mitochondrial matrix” (5 proteins, FDR =
0.0439), GO:0051082 “Molecular Function — unfolded protein binding”
(6 proteins, FDR = 0.00028), HSA-381426 “Reactome Pathways —
regulation of insulin-like growth factor (IGF) transport and uptake by
insulin-like growth factor binding proteins (IGFBPs)” (12 proteins, FDR
= 1.45e—12), and R-HSA-1474244 “Reactome Pathways — extracellular
matrix (ECM) organization” (13 proteins, FDR = 5.43e—10) (Fig. 1,
Tables 1 and 2). Functional categories of proteins were clearly distin-
guished in terms of their up- or downregulation in the secretome of EHV-
1 infected cells. Unfolded protein binding group and mitochondrial
matrix proteins were upregulated, while proteins involved in the IGF
and ECM pathways were downregulated (except for endoplasmin
assigned to both the unfolded protein response (UPR) and IGF path-
ways). Some of these proteins were regulated only during infection with
Gogsg strains (Table 1, Fig. 2A). SecretomeP analysis showed the pre-
dicted signal peptide for 30 out of 59 proteins, and another 9 proteins
showed a neural network (NN) score above 0.6 and were classified as
potentially secreted by the non-classical pathway (Supplementary
Table S1).

Three proteins upregulated in the secretome of Gaos4-infected cells
and related to UPR were analyzed by immunoblot. The analysis showed
upregulation of calreticulin, endoplasmin and Hspa5 secreted by cells
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infected with Ga254 EHV-1 relative to that secreted by cells infected with
Agos4 EHV-1 (Fig. 2B). The LDH release assay showed no significant
differences in the cytotoxicities of Agss4 and Gaas4 EHV-1 strains to RK13
cells (Fig. 3).

4. Discussion

Analysis of the protein composition of the secretome of virus-
infected cells may reveal processes crucial for the pathogenesis of
infection (Hensel et al., 2020). We identified secreted host proteins that
were changed in abundance by EHV-1 infection. It can be assumed that
the differences in biological properties of EHV-1 strains carrying the
Gaas4 Or Agoss mutation (e.g. potential neuropathogenicity) may be re-
flected in the variant secretomes of infected cells. In general, most of the
differentially expressed proteins (DEPs) were downregulated (47 out of
59 proteins), of which a significant group were those classified as
involved in the IGF and ECM pathways. Twelve proteins with increased
secretion were identified. Among them, eight were upregulated only
during Gazs4 EHV-1 infection: calreticulin, PDIA4, Hspa5, endoplasmin,
14-3-3 protein theta, citrate synthase, Hspa9 and ATP5B. Most of them
act as ER chaperones, have calcium binding properties and are related to
UPR (Halperin et al., 2014; Michalak et al., 2002).

The secretion of ER-luminal chaperones with Ca2* binding
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Fig. 2. A - Classification of the up- and downregulated proteins in the secretome of G354 EHV-1-infected cells to morphological or functional categories: endo-
plasmic reticulum (ER), mitochondrion (MITO), unfolded protein response (UPR) pathway, insulin-like growth factor (IGF) and extracellular matrix (ECM) regu-
lation; calreticulin (Calr), Hspa5 and endoplasmin (Hsp90b1) were indicated. B — Immunoblot analysis of Calr, Hspa5 and Hsp90b1 secreted by EHV-1-infected cells.
Three Gags4 (Ab4, PL/2009/11 and PL/2010/1I) (lines 1-3) and three Ayys4 (Kentucky D, 438/77 and PL/2016/1I) (lines 4-6) EHV-1 strains were used. Signal in-
tensity was normalized based on a total protein staining (Sypro™ Ruby). The column charts show the normalized signal intensity ratios of Ga2s4 Or Agos4 EHV-1 to the
uninfected control: blue — Gaos4 EHV-1; gray — Agps4 EHV-1. Error bars represent +1 SD signal ratio for triplicates (* — p < 0.05, p = 0.027 for Calr, p = 0.067 for
Hspa5, p = 0.065 for Hsp90b1, t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

properties was investigated previously in the secretome of cardiac
myocytes treated with thapsigargin (an ER stressor which depletes ER
calcium), when increased secretion of Hspa5 (GRP78), endoplasmin
(GRP94) and calreticulin was observed and was also caused by simu-
lated ischemia (Blackwood et al., 2020). We observed increased secre-
tion of the same set of proteins. Perhaps similar processes, accompanied
by deregulation of calcium homeostasis, also take place during Gaasa
EHV-1 infection, although this would require further studies to confirm.
Van Cleemput et al. (2017) analyzed access to the basolaterally located
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alphaherpesvirus receptor in equine respiratory cells. EHV1 infection of
equine mucosal explants was greatly enhanced upon destruction of the
respiratory epithelium integrity with EGTA or N-acetylcysteine, which
are drugs affecting extra- and intracellular calcium levels. Restriction of
infection via apical inoculation was overcome by disruption of inter-
cellular junctions. The authors used explants, which perfectly mimics
the situation in vivo. It cannot be ruled out that also the secretion of
calcium binding proteins (e.g. calreticulin) may lead to loosening of the
intercellular junctions (by capturing Ca®"), facilitating access to
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Fig. 3. Cytotoxicity assay — Lactate Dehydrogenase (LDH) for cell culture fluids
of RK13 cells infected with EHV-1. 1 — uninfected RK13 cells, 2 — cells treated
with Triton X-100 (positive control), 3 — cells infected with G054 EHV-1 strains,
4 — cells infected with Asss4 EHV-1 strains. Error bars represent +1 SD of OD
values. There were no statistically significant differences in cytotoxicity
induced by Gaas4 and Agps4 EHV-1 strains (p > 0.19, t-test).

basolaterally located viral receptors and in consequence also infection.
The extracellular role of ER chaperones has been studied previously in
various aspects (Meyer and Doroudgar, 2020). Extracellular endo-
plasmin has been seen to be involved in immunological responses,
dendritic cell activation and spontaneous autoimmune diseases (Jock-
heck-Clark et al., 2010; Liu et al., 2003). The extracellular functions of
calreticulin include cutaneous wound healing (Greives et al., 2012),
induction of cancer cell death (Obeid et al., 2007) and promotion of
phagocytosis of cancer and apoptotic cells (Gardai et al., 2005; Meyer
and Doroudgar, 2020). Hspa5 (GRP78) was identified on the surface of
endothelium and monocyte/macrophage-like cells in atherosclerotic
lesions, and it was shown that this protein negatively regulates tissue
factor procoagulant activity (Bhattacharjee et al., 2005). It can also act
as a co-receptor for various viruses, notably Coxsackie A9 virus, dengue
serotype 2 virus, Borna disease virus and Japanese encephalitis virus
(Honda et al., 2009; Jindadamrongwech et al., 2004; Nain et al., 2017;
Triantafilou et al., 2002). This protein is also involved in coronavirus
attachment, as it has binding sites to viral spike proteins (Chu et al.,
2018; Ibrahim et al., 2020). The question arises whether the extracel-
lular activity of ER chaperones might contribute to EHV-1 neuropatho-
genesis. Following infection of the respiratory epithelium, EHV-1 crosses
the basement membrane by the use of infected leukocytes, which
penetrate the connective tissues and reach the bloodstream. They can
adhere to and subsequently transfer EHV-1 to the endothelial cells lining
the blood vessels of organs such as the pregnant uterus or CNS (Laval
et al., 2021). The proteins we observed, secreted during Gaos4 or Agoss
EHV-1 infection, could be involved as factors facilitating the infection of
specific cells or target organs.

The accumulation of unfolded proteins can lead to proteostasis dis-
orders inside the ER, and as a result UPR signaling is activated (Gardner
et al., 2013). The activation of ER-resident stress sensors, activating
transcription factor 6 (ATF6), phosphorylated extracellular signal-
related kinase (PERK) and inositol-requiring transmembrane kinase/
endoribonuclease la (IREla) affects molecular pathways related to
increased protein folding capacity, secretion, quality control and protein
degradation (Walter and Ron, 2011). Endoplasmic reticulum stress may
induce cell death with broad consequences in different pathologies
(neurological and cardiovascular diseases, ophthalmic disorders, viral
infections and diabetes) (da Silva et al., 2020; Kaufman, 2002; Scheuner
and Kaufman, 2008). It has been reported that infection with some
neurotropic viruses (Zika, West Nile or human herpesvirus 1) can impact
UPR (Alfano et al., 2019; Burnett et al., 2012; Medigeshi et al., 2007). It
was found that the intensification of viral glycoprotein synthesis during
lytic herpesvirus replication causes ER stress and these viruses may have
evolved mechanisms to manage UPR signaling to create an optimal
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niche for replication (Johnston and McCormick, 2019). Increased
secretion of UPR-related proteins by G254 EHV-1 infected cells may be
related to overexpression of these proteins or indicate the mechanism of
UPR limitation, however these hypotheses need further investigation.

Among the proteins upregulated during G254 infection were mito-
chondrial proteins. The ER and mitochondria are closely associated via
specific membrane contact sites and create dynamic molecular plat-
forms referred to as mitochondria-associated membranes (MAMs)
(Giorgi et al., 2015). Calreticulin is one of the proteins associated with
ER and MAMs. Dysfunctions of mitochondria and the ER-mitochondria
crosstalk are linked to ageing and neurodegeneration (Barodia et al.,
2019; Moltedo et al., 2019). Proteins found to be upregulated in the
secretome of Gyas4 EHV-1-infected cells in our study (citrate synthase,
Hspa9 and ATP5B) have been reported as associated with mitochondrial
stress.

Downregulation of IGF binding proteins in the secretome of EHV-1
infected cells may be linked to the secretion of ER chaperones. Ostrov-
sky et al. (2009) reported that IGF-II secretion is strictly dependent on
the ER chaperone endoplasmin (GRP94); in the absence of endoplasmin
activity, IGF-II intermediates undergo proteasome-dependent degrada-
tion. Heat shock proteins and molecular chaperones are involved in the
regulatory processes that determine the assembly and degradation of the
ECM at multiple levels (Boel and Edkins, 2018). The lower level of
proteins assigned to the extracellular matrix in the secretome of cells
infected with Gaos4 EHV-1 (cathepsin B and Timp2) may also indicate
the importance of proteolysis regulation in the pathogenesis of EHV-1
infection.

We used the SecretomeP algorithm to determine the secretory po-
tential of the analyzed proteins. The signal peptide was predicted for
51% of the proteins. The presence of this peptide enables the functioning
of the conventional protein secretion pathway, translocation into ER,
and transport through the Golgi complex and secretory vesicles (Kelly,
1985). Additionally, 15% of the proteins, which had NN scores above
0.6, were predicted as potentially secreted through the unconventional
secretory pathway (Supplementary Table S1). However, NN scores
below 0.6 do not preclude proteins being secreted by other mechanisms.
It is possible that during EHV-1 infection, dysregulation of protein
secretion pathways occurs.

The RK13 cells were used in the study as they support infection by a
variety of field EHV-1 viruses and comprise a homogeneous population
of cells. The use of primary equine cells may have provided a better
reflection of the virus-host interactions, but the virus-induced changes in
the cell proteome may have been more difficult to decipher against the
background of a heterogeneous population of primary cells. Irrespective
of the cell system used, the results of any in vitro study, including this
one, should be interpreted with caution and confirmed using in vivo
experiments.

In conclusion, we identified proteins up- or downregulated in the
secretome of equine herpesvirus infected cells, and compared the
regulation of these proteins during Ggps4 and Agsss EHV-1 infection.
Unfolded protein response-related ER chaperones secreted specifically
for Gggs4 EHV-1 infection could potentially be important in neuro-
pathogenesis. Considering that the genotype does not clearly determine
the occurrence of EHM, these observations require further analysis and
confirmation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rvsc.2021.08.014.
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