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Abstract 

Bubaline alphaherpesvirus 1 (BuHV-1) is a pathogen of water buffaloes responsible for economic loss worldwide. Micro-
RNAs (miRNAs) regulate gene expression produced by alphaherpesviruses and hosts. This study aimed at (a) unravel-
ling the ability of BuHV-1 to produce miRNAs, including hv1-miR-B6, hv1-miR-B8, hv1-miR-B9; (b) measuring the host 
immune-related miRNAs associated to herpesvirus infection, including miR-210-3p, miR-490-3p, miR-17-5p, miR-
148a-3p, miR-338-3p, miR-370-3p, by RT-qPCR; (c) identifying candidate markers of infection by receiver-operating 
characteristic (ROC) curves; (d) exploiting the biological functions by pathway enrichment analyses. Five water buf-
faloes BuHV-1 and Bovine alphaherpesvirus 1 (BoHV-1) free were immunized against Infectious Bovine Rhinotracheitis 
(IBR). Five additional water buffaloes served as negative controls. All animals were challenged with a virulent wild-type 
(wt) BuHV-1 via the intranasal route 120 days after the first vaccination. Nasal swabs were obtained at days (d) 0, 2, 4, 7, 
10, 15, 30, and 63 post-challenge (pc). The animals of both groups shed wt BuHV-1 up to d7 pc. Results demonstrated 
that (a) miRNAs produced by the host and BuHV-1 could be efficiently quantified in the nasal secretion up to d63 and 
d15 pc, respectively; b) the levels of host and BuHV-1 miRNAs are different between vaccinated and control buf-
faloes; c) miR-370-3p discriminated vaccinated and control animals; d) host immune-related miRNAs may modulate 
genes involved in the cell adhesion pathway of the neuronal and immune system. Overall, the present study provides 
evidence that miRNAs can be detected in nasal secretions of water buffaloes and that their expression is modulated 
by BuHV-1.
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Introduction
Bubaline alphaherpesvirus 1 (BuHV-1), a member of the 
Alphaherpesviridae family, is an important pathogen of 
water buffaloes, causing significant economic losses to 
the dairy industry worldwide. Acute infection begins in 
the mucosal epithelium and is followed by high levels of 
virus shedding. Infection with BuHV-1 can lead to sev-
eral clinical signs, including conjunctivitis, pneumonia, 
genital disorders, abortions, and respiratory disease, 
promoting immune suppression [1, 2]. BuHV-1 is closely 
related to Bovine alphaherpesvirus 1 (BoHV-1). The two 
viruses share their antigenic properties [3].

MicroRNAs (miRNAs) are short, single-stranded 
non-coding RNAs able to influence gene expression by 
inhibiting messenger RNA (mRNA) translation or induc-
ing mRNA degradation [4]. MiRNAs are produced by 
mammalian cells regulating several pathophysiological 
processes [5], and host immune response. By trying to 
overcome the cellular intrinsic and extrinsic anti-viral 
immunity, the viruses, particularly the mammalian 
alphaherpesviruses examined to date, can micromanage 
virus- and host-encoded miRNAs cellular activities [6, 7]. 
The first evidence that mammalian alphaherpesviruses 
encode miRNAs was reported in 2005 [8]. Further data 
on miRNAs of six mammalian alphaherpesviruses—her-
pes simplex virus (HSV)-1 and -2, varicella-zoster virus 
(VZV), herpes B virus, BoHV-1, and pseudorabies virus 
(PRV, suid herpesvirus 1)—have been reported [6, 9–13]. 
The genome of BoHV-1 encodes at least 10 miRNAs [9], 
three of which, namely bhv1-miR-B6, bhv1-miR-B8, and 
bhv1-miR-B9, can modulate in vitro BoHV-1replication. 
Using in silico analysis, Kanokudom et al. [14] identified 
as potential binding sites for bhv1-miR-B6, Bhv1-miR-
B8, and Bhv1-miR-B9 the BICP22 transcript, poten-
tially interfering with the normal BoHV-1 replication 
cycle. Glazov et  al. identified a potential mRNA target, 
the gene-infected cell protein 0 (ICP0), potentially ham-
pering the progression of infection [9]. The scope of the 
present study was to characterize the behaviour of some 
of the alphaherpesvirus-related microRNAs, including 
those produced by BuHV-1 and those produced by the 
host. In detail, this study aimed to (a) unravel the abil-
ity of BuHV-1 to produce miRNAs, namely bhv1-miR-
B6, bhv1-miR-B8, bhv1-miR-B9, previously identified as 
pivotal players in BoHV-1 replication; (b) quantify the 
BuHV- and host immune-related miRNAs (miR-210-3p, 
miR-490-3p, miR-17-5p, miR-148a-3p, miR-338-3p, 
miR-370-3p—previously associated to the host response 
against herpesvirus) in the nasal secretion of water buffa-
loes experimentally infected with BuHV-1 by RT-qPCR; 
(c) point out candidate markers of infection by receiver-
operating characteristic (ROC) curves; (d) exploit the 
biological functions by pathway enrichment analyses 

to get insights into the pathogenesis of herpesvirus 
infection.

Materials and methods
BuHV‑1
The wild-type (wt) 799,787 MT strain of BuHV-1 isolated 
during a BuHV-1 outbreak in a buffalo herd in south Italy 
was used in this study [GenBank KF679678.1]. The strain 
was used at the second passage on Madin-Darby Bovine 
Kidney (MDBK) cell cultures at a titre of 1.5 ×  108.00 
median tissue culture infectious dose  (TCID50/mL).

Immunisation protocol
This study used two commercial gE-deleted marker vac-
cines (A, B). Vaccine A was administered at 3 months of 
age (time 0), and then a second dose was inoculated after 
one month (30 post-vaccination days, pvd). Vaccine B 
was injected at 10  months of age (210 pvd), and then a 
second dose was injected at 11 months of age (240 pvd). 
Vaccine A was injected intranasally (i.n.); otherwise, vac-
cine B was administered intramuscularly (i.m.) into the 
neck muscle. Each dose of the vaccine was injected in a 
volume of 2 mL [15].

Experimental design
Ten water buffaloes without neutralizing antibodies (NA) 
to BuHV-1 and BoHV-1 were enrolled. These animals 
were selected from a water buffalo herd in Southern Italy 
(Calabria region). In the herd, no vaccination against 
BoHV-1 and no history of respiratory disease had been 
detected in the last 5 years. After selection, animals were 
transferred to an experimental facility for large animals 
at the Istituto Zooprofilattico Sperimentale del Mezzo-
giorno in Southern Italy (Campania region). The animals 
were fed twice daily with hay, concentrated fattening 
feed, and water ad libitum.

All experimental procedures followed European legis-
lation protecting of animals used for scientific purposes 
[Directive 2010/63]. Furthermore, the Italian Ministry of 
Health approved the experiments under authorization 
number 859/2017-PR.

The number of animals in each group was determined 
through the sampling procedure envisaged in an experi-
mental clinical study to compare proportions in terms of 
superiority, with an error of 1% and a study power of 80%.

Animals were divided into two groups of five animals 
each. The water buffaloes in the first group (A) were 
immunized with the protocol described in the “Immuni-
sation Protocol” section. The second group (B) served as 
an unvaccinated control group. Animals from each group 
were housed in separate pens.
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Two hundred seventy days after the first vaccination 
(d270 pvd; 12  months of age), all water buffaloes were 
subjected to challenge infection with a wt BuHV-1 strain. 
Each animal received 5 ×  106.74  TCID50 /mL administered 
via the intranasal route.

Water buffaloes were observed for 63 days pc, and rec-
tal temperatures were taken daily. Fever was confirmed 
when the rectal temperature was greater than 38.2  °C 
[15]. A veterinary practitioner constantly monitored any 
appearance of adverse reactions after vaccination proto-
col, both local (transient tissue reaction at the injection 
site; nasal hypersecretion) and systemic (hyperthermia, 
hypersensitivity). If these adverse reactions occur, the 
veterinary practitioner administered the necessary drugs 
to relieve animal suffering (anti-inflammatory, antipyret-
ics, and cortisone).

On the day (d) of the first vaccination (time 0), at d30, 
d210, and d240 post-vaccination days (pvd), serum sam-
ples were collected from each water buffalo and tested 
for anti- BoHV-1 antibodies by ELISA tests. In particular, 
the IDEXX IBR gE Ab test and IDEXX IBR gB X3 Ab test 
were used to detect glycoprotein B (gB) or glycoprotein 
E (gE) of BoHV-1. These tests, developed for BoHV-1, 
cross-react with the glycoproteins (gB -gE) of BuHV-1 
[16]. 

Furthermore, serum samples were collected from all 
water buffaloes at d0, d2, d4, d7, d10, d15, d30, and d63 
post-challenge (pc). The samples were tested using the 
IDEXX IBR gE Ab test and IDEXX IBR gB X3 Ab test. 
In addition, throughout the experimental period, sera 
were assayed with In3Diagnostic Eradikit TM BoHV1-
BuHV-1 discrimination kit. This test differentiates the gE 
of BoHV-1 from the gE of BuHV-1.

Nasal swab collection
Nasal swabs were collected from each buffalo at d0, d2, 
d4, d7, d10, d15, d30, and d63 pc, placed in transport 
fluid Minimum Essential Medium (Euroclone, Milan, 
Italy), and used for BuHV-1 isolation and titration assays. 
Serial dilutions ranging from  10–1–10–9 of supernatants 
from each nasal swabbing were inoculated in a volume of 
0.1 mL into three wells of a 24-well plastic plate contain-
ing monolayers of MDBK cell cultures grown in MEM. 
The cells were provided by Biobanking of Veterinary 
Resources (BVR), Brescia, Italy, and identified with the 
code BS CL63. After 60-min incubation at 37 °C in a 5% 
 CO2 atmosphere, 1  mL of MEM enriched with 2% FCS 
(BioWhittaker Inc., Walkersville, MD, USA) was added to 
each well. The positive control was prepared from MDBK 
cell cultures infected with the wt 799,787 MT strain of 
BuHV-1. MDBK cell cultures free of BuHV-1 were used 
as a negative control.

The plates were incubated for 7 days at 37  °C in a 5% 
 CO2 atmosphere and observed daily for the appearance 
of cytopathic effect (CPE). BuHV-1 titre was determined 
as previously described [17] and expressed as  TCID50/
mL. The BuHV-1 recovered from each positive sample 
was identified by PCR [1].

Blood sample collection
Blood samples (approximately 9  mL from each animal) 
were collected from the coccygeal veins, using sterile vac-
uum tubes (Serum BD vacutainer®; 10 mL) without anti-
coagulant. Samples were transported to the laboratory 
under refrigerated conditions within 1  h of collection 
before testing and stored at –20 °C until further process-
ing. Afterward, blood samples were thawed and centri-
fuged at 850 × g for 30 min at 4 °C to extract the serum for 
serological investigations.

ELISA tests
Serum samples were tested using three commercial 
ELISA tests (IDEXX IBR gE Ab test, Maine, USA; IDEXX 
IBR gB X3 Ab, Maine, USA; In 3Diagnostic, Eradikit™ 
BoHV1/BuHV1 discrimination Kit) used in parallel to 
examine the collected sera following manufacturer’s pro-
tocols. Microplates were read using an automated plate 
reader, and the data were analysed using the Magellan 
software (Tecan AG, Männedorf, Switzerland).

Small RNA extraction and RT‑qPCR
Small RNAs were extracted from nasal secretion swabs 
using the microRNA Concentrator kit (A&A Biotech-
nology, Cat. No 035-25) following the manufacturer’s 
instructions. Caenorhabditis elegans miRNA cel-miR-39 
(25 fmol final concentration) (Qiagen, Cat. No 219610) 
was synthetic spike-in control.

RNA concentrations were quantified using the Nan-
oDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies). The reverse transcription was performed on 
15  ng of small RNAs for all samples using the TaqMan 
Advanced miRNA cDNA Synthesis Kit (Applied Bio-
systems, Cat. No. A28007) following the manufacturer’s 
instruction.

The quantitative PCR (qPCR) reaction was performed 
following the minimum information for publication of 
quantitative real-time PCR experiments (MIQE) guide-
lines [18].

The selection of miRNAs was based on their ability 
to modulate the host immune response or be expressed 
by alphaherpesvirus [14]. The selected TaqMan 
Advanced miRNA assays (Life Technologies) included 
cel-miR-39-3p (assay ID 478293_mir), miR-210-3p 
(assay ID mmu481343_mir), miR-490-3p (assay ID 
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rno481188_mir), miR-17-5p (assay ID 478447_mir), miR-
148a-3p (assay ID 477814_mir), miR-92a-3p (assay ID 
477827_mir), miR-423-5p (assay ID mmu481834_mir), 
miR-338-3p (assay ID rno480884_mir), miR-370-3p 
(assay ID 478326_mir). Since TaqMan Advanced miRNA 
assays were unavailable for bhv1-miR-B6-5p, bhv1-miR-
B8-5p, and bhv1-miR-B9, they were custom-designed by 
ThermoFisher Scientific service starting from traditional 
assays ID 242856_mat, 242520_mat, and 242648_mat 
targeting BoHV-1. To evaluate the ability of custom-
designed probes to recognize BuHV-1 miRNAs, namely 
hv1-miR-B6-5p, hv1-miR-B8-5p, and hv1-miR-B9, the 
probes were tested on miRNAs extracted from heat-
inactivated (60 °C for 30 min) wt strain of BuHV-1. The 
BuHV-1 was used at the second passage  (108.00  TCID50/
mL) on MDBK cell cultures. Briefly, after miRNAs extrac-
tion and reverse transcription from BuHV-1 wt strain, 
a qPCR was performed as described later. The obtained 
PCR products were then cloned into pGEM(R)-T Easy 
Vector System II (Cat. No. A1380, Promega, Madison, 
WI, USA) and Sanger sequenced, as previously described 
[19].

RT-qPCR was performed on CFX Connect Real-Time 
PCR Detection System (Biorad). The reaction included 
7.5 µL of 2X TaqMan Fast Advanced Master Mix (Cat. 
No. 4444557), 0.75 µL of miRNA-specific TaqMan 
Advanced assay (20X), 1 µL of cDNA, and water to a 
final volume of 15 µL. The thermal profile was 50 °C for 
2 min, 95 °C for 3 min, and 40 cycles of 95 °C for 15 s and 
60  °C for 40  s. A geNorm analysis [20] was performed 
using Biogazelle’s qbase + software [21], identifying miR-
423-5p and miR-92a-3p as suitable reference miRNAs 
with the lowest M value (< 1.5) and their arithmetic mean 
was used as the normalization factor. The relative expres-
sion was calculated using Bio-Rad CFX Maestro™ Soft-
ware. miRNA expression is presented in terms of fold 
change using the  2−ΔΔCq formula.

miRNA target prioritization
The target genes of differentially expressed (DE)-miRNAs 
were predicted using MiRWalk 3.0 [22], as previously 
described [23]. The list of target genes predicted by the 
three tools (miRDB [24], miRTarBase [25], and Targets-
can [26]) was included in further analysis, and functional 
mRNA enrichment was performed using DAVID (Data-
base for Annotation, Visualization and Integrated Dis-
covery) bioinformatics resource [27, 28] and biological 
pathways in the KEGG (Kyoto Encyclopedia of Genes 
and Genomes) [29] were examined for enrichment.

Statistical analysis
All data are expressed as the mean ± SD. Differences 
between experimental groups were assessed by one-way 

analysis of variance (ANOVA) using the Statistical Analy-
sis System software (SAS version 9.4; SAS Institute Inc., 
Cary, NC, USA). A MIXED procedure for repeated meas-
urements was used with animals at the experimental 
unit, accounting for the effects of vaccination (vaccinated 
or not), time, and their interactions. P < 0.05 was consid-
ered statistically significant. Receiver-operating charac-
teristic (ROC) analysis is a valuable tool for evaluating 
the performance of diagnostic tests that classify subjects 
into one of two categories (vaccinated and control ani-
mals). ROC analysis was carried out by plotting the true 
positive (sensitivity) versus the false positive (1-specific-
ity), cut-off points were set to maximize the sum of sen-
sitivity and specificity, and the associated area under the 
curve (AUC), where an area of 1 represents a perfect test 
and an area of 0.5 represents a worthless test, was used to 
confirm the diagnostic potency of each miRNA [30].

Results
Clinical response
During the application of the immunisation protocol, 
clinical signs or adverse reactions were observed in none 
of the immunized water buffaloes. Rectal temperatures 
remained within normal healthy range values and were 
similar to control values. After challenge infection, no 
clinical signs were observed in all immunised water buf-
faloes. Differently, in unvaccinated controls, on d2 pc, 
four animals showed nasal mucus discharge and lesions 
at the nasal mucosa consisting of pseudomembranes 
associated with mucopurulent exudate. These lesions 
were treated after d15 pc. In addition, the rectal temper-
atures increased to 39.0  °C from d2 to d7 pc in control 
animals.

BuHV‑1 shedding
After challenge infection, all animals shed wild-type 
BuHV-1 from d2 to d7 pc (Table 1). The mean titre of the 
BuHV-1 shed by animals from the vaccinated group on 
d2 pc was  101.80  TCID50/mL. This titre was maintained 
at d4 pc and decreased by 0.2 logs units at d7 pc. The 
number of animals that shed BuHV-1 was constant in 2 
water buffaloes. Differently, the mean titre of BuHV-1 
shed by water buffaloes from the unvaccinated group on 
d2 pc was  103.25  TCID50/mL. This titre decreased to 1.10 
log units d7 pc. The number of water buffaloes that shed 
BuHV-1 was 4, 5, and 3, detected at d2, d4, and d7 pc, 
respectively (Table 1).

Serological responses
At d30, d60, d210, and d240 pvd, vaccinated animals 
were seropositive for gB- ELISA and negative for gE-
ELISA BoHV-1-BuHV-1 discrimination Kit. Likewise, 
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no seroconversion was detected in unvaccinated controls 
(Table 2).

After challenge infection in vaccinated animals, the 
gB-ELISA positivity persisted until the end of the experi-
ments (Table 3). In addition, the positive signal for gE was 

detected only on d30 pc. At the same time, a seroconver-
sion was detected for BuHV1 using the BoHV-1-BuHV-1 
discrimination kit. In the control group, antibodies for gB 
were detected on d10 pc, and the ensuing gB seroposi-
tivity succeeded until the end of the experiment. In the 
same group, the seropositivity for gE ELISA was detected 
d30 pc. A positivity to BuHV-1 was detected using the 
BoHV-1-BuHV-1 discrimination kit d15 pc (Table 3).

Expression of miRNAs produced by the host and by BuHV‑1
Sanger sequencing demonstrated that the sequences of 
miRNAs bhv1-miR-B6-5p and bhv1-miR-B9 were con-
served between BoHV-1 and BuHV-1 (Additional file 1). 
In contrast, the probe for hv1-miR-B8-5p did not rec-
ognize BuHV-1. RT-qPCR was performed on miRNAs 
extracted from the nasal swabs collected at 8-experimen-
tal time points. Quantification of bhv1-miR-B6-5p and 
bhv1-miR-B9 on water buffalo’s nasal secretion demon-
strated that the expression of bhv1-miR-B6-5p decreased 
in vaccinated compared to negative control animals 
(ratio 3.3; P = 0.035), while no modification occurred 
for bhv1-miR-B9 (Figure  1). Both bhv1-miR-B6-5p and 

Table 1 BuHV‑1 isolation from water buffaloes immunized against BoHV‑1 using an immunisation protocol with gE‑deletion 
marker vaccines and challenge infected with wild‑type BuHV‑1 

A: Vaccinated group, B: Control group.
a Reciprocal value of the negative log of  TCID50/ mL (group mean value).
b The number of water buffaloes from which the virus was isolated are shown in brackets; N.I., Not isolated.

Group Virus isolation and titration after challenge infection on day a

0 2 4 7 10 15 30 63

A – 1.8 (2)b 1.8 (2) 1.6 (2) N.I N.I N.I N.I

B – 3.25 (4) 3.0 (5) 2.2 (3) N.I N.I N.I N.I

Table 2 Antibody response of water buffaloes immunized 
against BoHV‑1 using an immunisation protocol with 
gE‑deletion marker vaccines 

A Vaccinated group, B Control group.
a IDEXX IBR gEAb test, MAINE, USA.
b IDEXX IBR gB X3 Ab, Maine, USA.
c IN3Diagnostic Eradikit™ BoHV1-BuHV1 discrimination kit, Turin, Italy.

Group Post‑vaccination day (pvd)

0 30 210 240

A gE-ELISAa − − − −
gB-ELISAb −  +  +  + 

ELISAc − − − −
B gE-ELISAa − − − −

gB-ELISAb − − − −
ELISAc − − − −

Table 3 Antibody response of water buffaloes immunized against BoHV‑1 using an immunisation protocol with gE‑deletion 
marker vaccines and challenge infected with wild‑type BuHV‑1 

* The day of challenge corresponding to 270 pvd; A, Vaccinated group; B, Control group.
a IDEXX IBR gE Ab test, MAINE, USA. This test detects antibodies to glycoprotein E (gE) of BoHV-1/BuHV-1.
b IDEXX IBR gB X3 Ab, Maine, USA. This test detects antibodies to glycoprotein B (gB) of BoHV-1/BuHV-1.
c IN3Diagnostic Eradikit™ BoHV-1-BuHV-1 discrimination kit, Turin, Italy. This test discriminates antibodies to glycoprotein E (gE) against BoHV-1 and BuHV-1. NA, + ̂ , 
positive to BuHV-1.

Group Post‑challenge day (pcd)

0* 2 4 7 10 15 30 63

A gE-ELISAa − − − − − −  +  + 

gB-ELISAb  +  +  +  +  +  +  +  + 

ELISAc − − − − − −  + ̂  + ̂

B gE-ELISAa − − − − − −  +  + 

gB-ELISAb − − − −  +  +  +  + 

ELISAc − − − − −  + ̂  + ̂  + ̂
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bhv1-miR-B9 could be quantified until d15 pc. Then from 
d30 pc, their level drops off (data not shown).

Five (miR-210-3p, miR-17-5p, miR-148a-3p, miR-
338-3p, miR-370-3p) out of six selected miRNAs were 
detected in nasal secretions, among which miR-148a-3p 
and miR-370-3p were differentially expressed (DE) 
between vaccinated and control water buffaloes (Fig-
ure  1). In detail, the level of miR-148a-3p increased 
(ratio = 1.55; P = 0.038), and the level of miR-370-3p 
decreased (ratio = 3.34; P = 0.005) in vaccinated compared 

to control animals. The effects of time (P = 0.0003) and 
time x vaccination (P = 0.0013) were significant only for 
miR-370-3p. Mir-490-3p was not detected in nasal secre-
tions of water buffaloes.

Diagnostic potential of miRNAs in nasal secretions
A ROC curve analysis was carried out to evaluate 
the diagnostic value of DE-miRNAs in nasal secre-
tion (Figure  2). The associated area under the curve 
(AUC) was used to confirm the diagnostic potency 
of each miRNA. Cut-off points were set to maximize 
the sum of sensitivity and specificity (Table  4). The 
ability of DE-miRNAs to distinguish vaccinated from 
control animals is defined as diagnostic accuracy. It is 
measured by the AUC, where an area of 1 represents 
a perfect test, and an area of 0.5 represents a worth-
less test. The ability to discriminate vaccinated from 
control water buffaloes was excellent for miR-370-3p 
(AUC = 0.9116; 95% CI 0.8452–0.9779; P < 0.0001), 
bad for miR-148a-3p (AUC = 0.665; 95% CI 0.5410–
0.7896; P < 0.009), and good for hv1-miR-B6-5p 
(AUC = 0.8061; 95% CI 0.7054–0.9069; P < 0.0001). The 
data on the AUC, the sensitivity, and the specificity are 
reported in Table 4.

Target prediction and pathway enrichment
Predicted mRNA targets of DE-miRNAs were com-
putationally retrieved from miRWalk resources. The 

Figure 1 Histograms of DE‑miRNAs in control compared with 
vaccinated water buffaloes. Significance was declared at P < 0.05 
(*), P < 0.01 (**), and P < 0.001 (***).

Figure 2 Receiver‑operator characteristics (ROC) curve comparing control and vaccinated water buffaloes. A ROC of miR-148a-3p; B ROC 
of miR-370-3p; and C ROC of hv-miR-B6-5p. AUC, area under the curve; CI, confidence interval.

Table 4 Area under the curve (AUC), sensitivity and specificity of miR‑148a‑3p, miR‑370‑3p, and hv1‑miR‑B6‑5p 

Comparison AUC 95% CI Cut‑off Sensitivity (%) Specificity (%)

miR-148a-3p 0.665 0.5410–0.7896 0.407 80.00 51.43

miR-370-3p 0.9116 0.8452–0.9779 2.466 80.95 85.71

hv1-miR-B6-5p 0.8061 0.7054–0.9069 1.278 77.14 71.43
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mRNA enrichment was performed using the DAVID 
bioinformatics tool. The predicted mRNA targets of 
miR-148a-3p were 16 (14 at 3’ untranslated region 
(UTR), 2 at 5’UTR, and 0 at coding sequence (CDS)); 
the predicted mRNA targets of miR-370-3p were 12 (6 
at 3’UTR, 0 at 5’UTR and 6 at CDS) (Table 5). KEGG 
pathway analysis was performed using DAVID, point-
ing out that 3 pathways were significantly enriched: 
MAPK (Mitogen-Activated Protein Kinase) signalling 
pathway, cell adhesion molecules, and focal adhesion. 
Focusing on the cell adhesion pathway, miR-148a-3p 
modulates the T cell receptor signalling pathway by 
regulating the ALCAM (activated leukocyte cell adhe-
sion molecule) gene that encodes for a protein able to 
bind CD6 on T cells. The neuronal system influences 
the expression of the ITGB8 (Integrin Subunit Beta 8) 
gene encoding for a protein able to promote pre-and 
post-synaptic neuron interaction (Figure  3). MiR-
370-3p regulates the expression of neurofascin genes 
(NFASC, NF155, and NF186) involved in Schwann 
cell-neuron and oligodendrocyte-neuron interactions 
(Figure 3).

Gene Ontology (GO) analysis was performed to 
understand further the regulatory functions associ-
ated with the DE-miRNAs. GO enrichment analysis 
included the molecular function (MF), cellular com-
ponent (CC), and biological process (BP) categories 
(Figure 4). Most MF items mainly included genes regu-
lating protein kinase activity and binding; the enriched 
CC converged on genes associated with axon, dendrite, 
focal adhesion, polysome, and cytoplasm, BP on the 
apoptotic process, cell adhesion, brain development, 
and myelination.

Discussion
The findings of the current study provide for the first 
time evidence that (a) miRNAs produced by host and 
BuHV-1 can be efficiently extracted and quantified by 
RT-qPCR from the nasal secretion of water buffaloes; (b) 
the expression levels of both host and BuHV-1 miRNAs 
between vaccinated and control water buffaloes were 
different; c) miR-370-3p discriminated vaccinated and 
control animals with excellent diagnostic accuracy. We 
also demonstrate that the sequences of hv1-miR-B6-5p 
and hv1-miR-B9 were conserved between BoHV-1 and 
BuHV-1.

Given that the diagnosis of herpesvirus-1 respiratory 
tract infection involves isolating the herpesvirus from 
nasal secretions [31], this matrix was selected as a poten-
tial source of miRNAs to investigate the relationship 
between BuHV-1 infection and host immune response at 
the nasal mucosa level.

This study demonstrated that the amount of hv1-miR-
B6-5p decreased in vaccinated animals. The precise 
function of this herpesvirus miRNA is unknown. The 
bhv1-mir-B6-1 is antisense to intron 3 of the gene encod-
ing BoHV-1 Infected Cell Protein 0 (bICP0) [9]. During 
Herpes simplex virus 1 infection, ICP0 interacts with 
proteins involved in the ubiquitin pathway, inactivat-
ing host intrinsic defences and hampering the infection 
progression [32]. Further molecular studies are required 
to understand the impact of vaccination on this critical 
region of the BoHV-1 genome via the differential expres-
sion of bhv1-miR-B6-5p. Herpesvirus particles enter 
the peripheral nervous system via cell-to-cell spreading. 
Thus, cell adhesion molecules play a pivotal role in infec-
tion [33]. The current findings suggest that miRNAs in 
nasal secretion might interact with pathways involved in 
the cell adhesion molecules pathways in the immune and 
neural systems. The high concentration of miR-148a-3p 
in vaccinated water buffaloes may inhibit the expres-
sion of ALCAM (activated leukocyte cell adhesion mol-
ecule or CD166) over the surface of antigen-presenting 
cells (APC). ALCAM, a member of the immunoglobulin 
superfamily expressed in endothelial and epithelial cells 
and on antigen-presenting cells (APCs), is the ligand of 
CD6, a costimulatory membrane glycoprotein involved 
in autoimmune and inflammatory diseases. ALCAM/
CD6 binding is involved in the fine-tuning of the T cell 
activation and trafficking, promoting cell adhesion at the 
immunological synapse, lengthening the time of APC-T 
cell interaction, enhancing TCR signalling and MAPK 
pathway involved in T cell activation, proliferation, 
and differentiation [34, 35]. We hypothesize that since 
the vaccination protected animals from buHV infec-
tion, the activation of cytotoxic T cells is unnecessary, 
and the overexpression of miR-148a-3p downregulates 
the expression of ALCAM. On the other hand, buHV-1 
infection may stimulate the activation of cytotoxic T cells 
in the nonvaccinated animals by epigenetically promot-
ing ALCAM overexpression.

Table 5 Target genes of differentially expressed miRNAs identified using miRWalk 

Genes targeted by miR‑148a‑3p Genes targeted by miR‑370‑3p

ALCAM, ARL6IP1, ARRDC3, BMP3, DSTYK, DYRK1A, FXR1, ITGB8, JARID2, LBR, MAP3K4, 
MET, OBI1, PRNP, QKI, ZFYVE26

BAG4, CYB561D1, GARRE1, JARID2, LIN28A, NF155, NF186, NFASC, NSUN4, 
PARVB, RAD54L2, TGFBR2
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Figure 3 Cell adhesion molecular pathways were identified by KEGG pathway analysis using the potential mRNA targets for differentially 
expressed microRNAs (DE‑miRNAs) pointed out by miRWalk. A Immune system pathway; B Neural system pathway. Proteins coded by mRNA 
target genes potentially modulated by miR-148a-3p are highlighted by a blue dot, while by miR-370-3p by a red star. ALCAM = activated leukocyte 
cell adhesion molecule; ITGB8 = Integrin Subunit Beta 8; NF and NFASC = neurofascin. The lines represent membrane bilayers, each green rectangle 
is a protein (a receptor or a ligand), and arrows indicate the direction of the trigger signal.
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Intranasal infection of herpesvirus-1 promotes inva-
sion of peripheral nerves reaching the central nervous 
system and latency in sensory neurons in the trigemi-
nal ganglia. MiR-148a-3p and miR-370-3p potentially 
targeted genes coding for proteins involved in neuronal 
interaction. Several herpesviruses cause demyelina-
tion through direct lysis of oligodendrocytes and lysis 
of oligodendrocytes by stimulating the host immune 
response [33]. Gene Ontology analysis pointed out that 
miR-370-3p may regulate the expression of NF (neuro-
fascin) genes, including glial NF155, neuronal NF186, 
and NFASC, nodal and paranodal proteins that play an 
important role in promoting the propagation of electri-
cal impulses along axons between nodes of Ranvier. NFs 
is an L1-family immunoglobulin cell adhesion molecule 
that attaches myelin to axons; the thickness of the mye-
lin sheath and the morphology of electrogenic nodes of 
Ranvier influence the velocity of impulse transmission 
along axons [36]. Since miR-370-3p affects the transla-
tion into proteins of mRNA coding for NFs, we hypoth-
esize that in vaccinated animals, where BuHV-1 cannot 
spread to the sensory neurons of the peripheral nervous 

system and retrogradely towards the trigeminal ganglia, 
the low level of miR-370-3p does not interfere with NF 
genes allowing the normal function of neurons. At the 
same time, the overexpression of this miRNA may pro-
mote in control nonvaccinated animals the demyelina-
tion of neurons, as reported for herpes simplex virus 
type 1 (HSV-1) [37, 38]. Similarly, a low level of miR-
370-3p, which is also associated with the modulation 
of inflammation by inhibiting ROS production by tar-
geting TLR4 [39], oxidative stress, and apoptosis [40], 
may dampen the inflammatory response in vaccinated 
animals, while in control animals BuHV-1 may promote 
immune-suppressive activities associated with latency 
in sensory neurons in trigeminal ganglia [41, 42].

ROC analysis highlighted that miR-370-3p could dis-
criminate vaccinated from control water buffaloes with 
high sensitivity (= 80.95%) and specificity (= 85.71%), 
suggesting that this miRNA may be an excellent candi-
date biomarker to support an in-field, rapid screening. 
It should be noted that the methods applied to detect 
microRNAs have the advantage of obtaining results 
quickly compared to classical virologic methods on 
cell cultures that require several days. Moreover, nasal 

Figure 4 Enriched gene ontology (GO) of terms potentially regulated by DE‑miRNAs. Target genes were annotated by DAVID at three levels: 
biological process, cellular component, and molecular function.
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swabs represent a fast and non-invasive procedure for 
water buffaloes because it avoids adverse effects, such 
as stress, and reduce the cost of diagnosing BuHV-1. 
In addition, they can be easily collected and tested for 
diagnosis of BuHV-1 outbreaks. Finally, microRNAs 
can be collected from field matrices, and the tests can 
be performed directly on the farm with the appropriate 
equipment and reagents.

In conclusion, the present study identified for the first 
time DE-miRNAs in the nasal secretion of water buf-
faloes affected by BuHV-1, providing a molecular basis 
for understanding the horizontal transmission of the 
BuHV-1 and the entry into the organism of BuHV-1 
in water buffaloes. The DE-miRNAs regulated the 
transcriptions of genes related to the BuHV-1 latency 
and host immune response. Moreover, we found that 
miR-370-3p is a candidate biomarker of BuHV-1 infec-
tion. Although this study provided new and important 
insights into BuHV-1 infection, further experiments 
involving more animals are required to validate the 
miRNA potential use as an in-field biomarker. Addi-
tional information on the molecular mechanisms 
regulated by these miRNAs will promote the imple-
mentation of new interventions in the field.
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