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Chapter

Murine Gammaherpesvirus 68
(MHV-68), a Newly Discovered
Tick Borne Virus

Mavrcela Kiidelovd and Iveta Stibrdniovd

Abstract

MHV-68, closely related to human gammaherpesviruses (Epstein-Barr virus and
Kaposi’s sarcoma herpesvirus), is a natural pathogen of murid rodents commonly
infested with ticks. After the first finding of MHV-68 in immature Ixodes ricinus
ticks removed from wild green lizards, its occurrence was proved in free-living
Dermacentor reticulatus, 1. vicinus, and Haemaphysalis concinna ticks. Next, finding of
live MHV-68 in salivary glands, intestine, and ovaries of D. reticulatus ticks strongly
supported the idea that MHV-68 could be transmitted from infected to uninfected
host via blood-feeding ticks. Recently, experimental transmission of MHV-68
between I. ricinus ticks and mouse and vice versa proved that MHV-68 could be
vertically and horizontally transmitted from FO to F1 tick generation, and thus,
MHV-68 is a tick-borne virus (arbovirus). Therefore, ticks commonly attack
humans transmitting important pathogens (e.g., tick-borne encephalitis virus and
the Lyme disease spirochete); there is the speculation that MHV-68 can also infect
humans via ticks. Earlier studies documented antibodies to MHV-68 in the sera of
laboratory workers, hunters, and general population as well. In future, we need to
carefully test whether people bitten by ticks are at real risk of infection with
MHV-68 that normally infects murid rodents, and what effect it may have.

Keywords: MHV-68, gammaherpesvirus, blood-feeding tick, tick-borne
transmission, arbovirus

1. Introduction

This review attempted to summarize the results of the work that contributed to
the recognition of murine gammaherpesvirus 68 as a novel tick-borne virus in the
context of to date known viruses found in ticks of species Dermacentor reticulatus,
Haemaphysalis concinna, and Ixodes ricinus focusing on the territory where MHV-68
was first discovered.

2. MHV-68 and rodent gammaherpesviruses

Murine herpesvirus 68 (MHV-68 or YHV68) belonging to a group of dsDNA
viruses of large genome was originally isolated from the bank vole Myodes glareolus
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(formerly Clethrionomys glareolus) during a study on the ecology of arboviruses in
Slovakia [1]. Four other murine gammaherpesviruses were isolated at the same
time, two from bank voles and two from the yellow-necked field mouse Apodemus
flavicollis trapped in west Slovakia. Later, three further gammaherpesviruses were
isolated from the latter species in Bohemia and Slovakia [2]. Very early studies on
murine herpesvirus neutralizing antibodies were identified in the sera of 20.7%
individuals of five reservoir animal species (i.e., wood mice, bank voles, field voles,
yellow-necked mice, and wild mice) [3]. By molecular methods, the presence of
MHV-68 DNA was also confirmed in the blood of 34.4% of M. glareolus and A.
flavicollis mice trapped in Slovakia [4]. Even, antibodies against MHV-68 have been
detected in sera of at least 13 different mammalian species such as red deer (Cervus
elaphus), fallow deer (Dama dama), hare (Lepus europaeus), wild boar (Sus scrofa),
sheep, and foxes that share the biotope of infected rodents. Neutralizing antibodies
to MHV-68 have also been detected in humans, but they are considered to reflect
antigenic cross-reactions with human gammaherpesviruses (reviewed by [5]).
Studies on MHV-68 in vitro showed that MHV-68 could replicate in as much as 16
cell cultures of different origins (e.g., mouse, chick, rabbit, hamster, mink, swine,
monkey, and/or human origin, including T and B cells) [6]. The following molecu-
lar studies on MHV-68 genome including its full-length sequencing confirmed
suggestions of a close genetic relationship of MHV-68 to primate saimiri herpesvi-
rus-2 (SaHV-2) and human gammaherpesviruses—Epstein-Barr virus (EBV) and
Kaposi’s sarcoma-associated herpesvirus (KSHV) [7, 8]. During the 1990s, the
infection of mice with MHV-68 and some other murine gammaherpesviruses
inducing lymphoproliferative diseases (LPD) have been intensively studied
(reviewed in [9]). Compiling all the results, in the year 2000, MHV-68 was classi-
fied into a new species, as murid herpesvirus 4 (MuHV-4) (synonyms murine
gammaherpesvirus 68 and mouse herpesvirus strain 68), the genus Rhadinovirus
and the subfamily Gammaherpesvirinae [10]. Its genome contains 118,237 bp of
unique sequence flanked by multiple copies of a 1213 bp terminal repeat. Of the 80
ORFs identified in the MHV-68 genome, 63 are homologs of SaHV-2 genes, all of
which are also present in the KSHV genome and many of which are present in the
EBV genome [8]. The discovery of MHV-68 provided a tractable laboratory infec-
tion model for investigating human gammaherpesvirus reactivation from latency as
well as host immune response mechanisms involved in persistent infection associ-
ated with the development of malignancies such as Burkitt’s lymphoma, Hodgkin’s
disease, and Kaposi’s sarcoma [11-13]. A huge work was done on MHV-68 that is
recently the most amenable animal model virus for studying the pathogenesis of
human gammaherpesviruses [14].

It has been speculated rodent gammaherpesviruses are geographically wide-
spread and may occur throughout the mouse and vole subfamilies [15]. The epide-
miological surveys in the UK, Germany, France, and Peru found several other
gammaherpesviruses in free-living rodents. Two novel gammaherpesviruses were
isolated in the UK and France, one from the wood mouse (Apodemus sylvaticus),
designated wood mouse virus (WMHYV) (classified as MuHV-7), and the other from
the white-toothed shrew (Crocidura russula) designated Brest herpesvirus (BRHV)
[16, 17]. WMHYV showed similarity with MHV-68 in the growth in cell culture and
pathogenesis in its natural host, and its complete genome sequence was determined
[17]. In the UK and Germany, the first gammaherpesvirus infecting house mice,
Mus musculus (Mus musculus rhadinovirus 1 [MmusRHV1]), was described as a
member of a newly discovered group of rodent herpesviruses. This virus, designed
as MHV-68-like rodent gammaherpesvirus, is distinct from MHV-68 the most
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probably diverged from the other gammaherpesviruses soon after the evolutionary
separation of EBV-like lymphocryptoviruses from KSHV 8-like rhadinoviruses [18].
To date, the latest rodent gammaherpesvirus was isolated from pygmy rice rat
(Oligoryzomys microtis), designated rodent herpesvirus Peru (RHVP). Analysis of its
full-length genome sequence confirmed that it shares conserved genes and genome
organization with MHV-68 and the primate gammaherpesviruses but is phyloge-
netically distinct from MHV-68 [19].

Although the MHV-68 belongs to the best-characterized murine gammaher-
pesviruses and it has been documented that is mainly transmitted in the rodent
population via intranasal routes and through body fluids, such as saliva, urine, tears,
breast milk, and also vertically, it is not yet fully understood how this virus spreads
in nature (reviewed by [9]). Following intranasal inoculation of laboratory mice,
the virus spreads to the lungs, and viremia appears due to virus replication in the
alveolar epithelium and endothelial cells of alveolar septa. The productive virus
growth within lung epithelium ceases at 7-10 days p.i. During the viremic phase,
mature B cells as well as macrophages become infected. At the acute stage, an
infectious mononucleosis-like syndrome develops, analogous to that induced by
EBV, associated with the establishment of MHV-68 latency and splenomegaly.
After primary infection, the MHV-68 spreads to host organs via blood, in which it
remains for roughly 15 days. As with other gammaherpesviruses, it causes lifelong
infection of its host. It establishes a long-term latency not only in B lymphocytes
(spleen, lymph nodes) and macrophages but also in lung endothelial cells that may
lead to lymphoproliferative disorders (LPDs) [20-23]. Besides LPDs, also solid
tumors (lymphomas) were described in infected Balb/c mice [23, 24].

Furthermore, as typical for all herpesviruses, based on various conditions
(stress, gravidity, immune deficiency, and others), the virus can reactivate to a state
of repeated lytic infection and reappear in host blood. Taking into account the
properties of MHV-68, including its extreme stability at a wide range of pH and
temperature values and nature of its spreading (via urine, breast milk, and other
body fluids), a relatively high host reinfection rate should be considered [25, 26].
This suggests that MHV-68 can exist for a relatively long time in the blood of murid
rodents, which undoubtedly feed hard ticks, including spp. Dermacentor and Ixodes.
Both tick species mentioned, the most common in Slovakia, were identified as
vectors of many tick-borne pathogens. Based on these data, a hypothesis was
formed suggesting that blood-feeding ticks might transmit the virus from infected
to uninfected animal host.

3. Ticks and tick-borne pathogens

Rodents, including Apodemus spp. mice and M. glareolus from which some
murine herpesviruses were isolated, were found displaying the infection along with
numerous pathogens, viruses, and also nonviral pathogens (bacteria, protozoa, and
helminths) from the ticks which fed on them. Rodents play a role in the enzootic
cycles of the so-called tick-borne pathogens that are transmitted from the ticks to
vertebrates of which most have a life cycle that requires passage through the verte-
brate host, thus being important reservoirs for these pathogens [27-30]. The most
extensively characterized viruses that have rodent hosts in the family Muridae are
the members of the family Herpesviridae. These include mouse cytomegalovirus
and rat cytomegalovirus, which are classified in the genus Muromegalovirus of the
subfamily Betaherpesvirinae and MHV-68 of the family Gammaherpesvirinae.
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Hard ticks are highly specialized obligate hematophagous ectoparasites of wild
and domestic animals and humans. There are over 900 species of ticks in the world,
and many of them are capable to transmit disease-causing pathogens, including
viruses, thus having significant medical and veterinary impact by causing serious
diseases in humans and animals [31-33]. Less than 10% of known tick species were
identified to act as virus vectors. Many unique features of ticks make them inevita-
bly suitable to host and to carry different viruses as well as act as long-term virus
reservoirs. Among hard ticks, virus vectors have been found mostly in the genera
Ixodes, Haemaphysalis, Hyalomma, Amblyomma, Dermacentor, and Rhipicephalus.
Moreover, some tick species are known to be vectors of a few TBV species (e.g.,

L ricinus, A. variegatum), while others can transmit many different TBV species
(e.g., Ixodes uriae is the vector of at least seven TBVs) [33, 34].

In Europe, there are two important hard tick spp., Ixodes and Dermacentor
(Acari: Ixodidae) [35], which act both as important arthropod vectors and reser-
voirs for a series of wildlife zoonotic pathogens such as bacteria (e.g., Rickettsia spp.,
Coxiella burnetii, Anaplasma phagocytophilum, Ehrlichia spp., Borvelia burgdorferi
sensu lato, Francisella tulavensis, and Bartonella spp.): protozoa (e.g., Babesia spp.)
[36-38]: and viruses (e.g., tick-borne meningoencephalitis virus, Colorado tick
fever virus, Kemerovo virus, Crimean-Congo hemorrhagic fever virus) [39, 40].

Tick-borne viruses (TBVs) belong to the largest biological group known as
arboviruses with unique mode of transmission by blood-feeding arthropods (ticks,
mosquitoes, sand flies, biting midges, etc.) to a susceptible vertebrate host. They are
different from other viruses in their ability to replicate in both vertebrate and
invertebrate cells. Tick-borne viruses are causative agents of several important
human diseases. Since the discovery of the first tick-borne pathogenic virus which
was identified as being responsible for severe encephalitis in sheep in 1918 [41],
diversified TBVs with global distribution have been discovered and isolated
belonging to at least 2 orders, 9 families, and 12 genera [42]. Most of them belong to
orders Bunyavirales and Mononegavirales and families of Flaviviridae, Asfarviridae,
Reoviridae, and Orthomyxoviridae [43]. In recent years, the rapid development of
next generation sequencing (NGS) has boosted the discovery of novel TBVs, many
of them still unassigned to families (reviewed by [44]). At present, more than 16
specific tick-borne diseases (TBDs) of humans and 19 TBDs of veterinary impor-
tance have been described [42, 45]. The tick-borne encephalitis virus (TBEV) is the
most medically prominent and important arbovirus (arthropod-borne virus) in
Europe and Northern Asia, causing more than 10,000 clinical cases of tick-borne
encephalitis annually. Other relevant tick-borne viruses which cause encephalitis in
humans are the Powassan virus, Tribec¢ virus, Kemerovo virus, and Colorado tick
fever virus. Of all the routes of human infection by tick-borne viruses, those of
TBEV have been described in the most detail. The latest emerging TBD, caused by
Bourbon virus, was reported in 2014 [46].

With two exceptions, all arboviruses are RNA viruses. The only established DNA
tick-borne virus, African swine fever virus (ASFV), belongs to the Asfarviridae
family with a single genus Asfivirus [47]. The ASFV genome consists of a single
molecule of linear, covalently close-ended, dsDNA varying in length from 170 to
190 kbp. ASFV is the causative agent of African swine fever. ASFV is maintained in
the sylvatic transmission cycle of ticks in Africa [48, 49]. Widely distributed ixodid
ticks in Europe such as I. ricinus and D. reticulatus are unable to support ASFV
replication and presumably do not contribute to disease spread [50]. The spread of
ASFV has been primarily caused by human activities including long-distance trans-
port of livestock. The presence of a susceptible wildlife host, wild boar, has further
complicated efforts to control the disease, and it is likely that it will continue to
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spread across the continent. Recent transmission studies have demonstrated the
evidence for a role of the hard ticks Amblyomma hebraeum and Rhipicephalus
appendiculatus in mechanical and transstadial transmission of the second DNA
virus, lumpy skin disease virus (LSDV), a member of Poxviridae family of large
enveloped viruses with linear double-stranded DNA [51, 52]. This virus belongs to
the genus Capripoxvirus, causing lumpy skin disease of cattle in Africa and the
Middle East [53, 54].

4. Findings of the MHV-68 in ticks

As mentioned above, MHV-68 is currently recognized as a natural pathogen of
murid rodents that host blood-feeding ticks. The first evidence of MHV-68 in ticks
was found in nymphs and larvae of I. ricinus feeding on 116 individuals of a tem-
perate lizard species—the green lizard Lacerta viridis captured in the Slovak Karst
National Park (48°57’ N, 20°44’ E, ~200 to 400 m above sea level). In this study
[55], MHV-68 was detected in 10 of 649 nymphs and in 5 of 150 larvae, respec-
tively. We found 15 of 799 (1.8%) nymphs and larvae as virus positive when 9.6% of
green lizards fed at least one MHV-68-infected immature tick. These results pro-
vided two possible explanations. The first was that lizards could be infected via
direct contact with jointly occupied holes and paths with rodents contaminated with
infected animals. Although experimental data describing contact infection with
MHV-68 in vivo are still missing, the routes of natural infection of murid rodents
with this virus (intranasal or via body fluids) and relatively extreme stability of
murine herpesvirus at wide range of pH and temperature [26] made contact infec-
tion with MHV-68 probable. The second possible source of MHV-68 infection of
lizards represented feeding of infected hard ticks in the past (though in this study,
no hard ticks were found on lizards). However, the following studies were evoked
to obtain the evidence that the MHV-68 is able to escape from the gut after feeding
and move through the tick to the salivary glands where it could be transmitted
during a second feeding. Anyhow, finding of MHV-68 in immature I. ricinus ticks
supported the hypothesis that ticks may play a mediating role in circulation of
MHV-68 in nature.

In Slovakia, Ixodes ricinus, Dermacentor veticulatus, Dermacentor marginatus,
Haemaphysalis concinna, Haemaphysalis inermis, and Haemaphysalis punctata tick
species are common and widespread [56], where they had been found to be infected
with numerous nonviral and viral pathogens [57-59]. In the following studies, three
of the most common tick species in Slovakia were examined for the presence of
MHV-68, D. reticulatus, H. concinna, and 1. ricinus, to take a position on the
hypothesis that the ticks could be a vector in the transmission of MHV-68 from
infected wild mice to other mammals.

Dermacentor veticulatus (Fabricius, 1794) (Acari: Ixodidae) is the three-host
meadow tick that parasitizes primarily wild and domestic mammals and,
infrequently, humans. It is widespread throughout Europe and is expanding its
range in several European countries [60, 61]. Recent comparative analyses have
revealed changes in the distribution and abundance (almost doubled) of
D. reticulatus ticks in some European countries, implying a higher risk of the
transmission of tick-borne diseases. In Slovakia, the D. reticulatus tick had a focal
distribution in Slovakia in the past [62], occurring mainly in the southwest and
southeast along the Morava, Dunaj, and Latorica rivers. Of late, D. reticulatus has
extended its former geographical distribution by at least 200 km further to the
north and by approximately 300 m into higher altitudes up to 520 m above sea
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level [63]. Rubel et al. [40] recently described geographical distribution of this tick
in Europe.

D. reticulatus tick is associated with a number of different pathogens and cur-
rently considered the second most significant reservoir and vector of numerous
pathogens causing bacterial, protozoal, rickettsial, and viral diseases in its hosts
[38, 43, 64-68]. Its role in the transmission of disease to humans is currently small;
however, it might play an important role in the maintenance of pathogens in
enzootic cycles [69-72].

Until 2014, D. reticulatus tick was proven as a vector of only one viral pathogen,
Omsk hemorrhagic fever virus, identified in Western Siberia [73]. However, two
other viruses, Kemerovo virus and tick-borne encephalitis virus, have been identi-
fied in this tick collected in Western Siberia and Eurasia [74, 75]. In Dermacentor sp.
several other tick-borne viruses were identified such as Colorado tick fever virus,
Burana orthonairovirus, Lanjan virus, Razdan virus, Dhori virus, and Sawgrass
virus (reviewed in [64]).

Kudelova et al. [76] by nested PCR examined the presence of MHV-68 within a
group of 432 adult D. reticulatus ticks collected near the river Dunaj in two sites in
southwestern Slovakia from 2011 to 2014. Analyses showed MHV-68 positive as
much as about 23.3% (28/120) and 40% (125/312) ticks from Gabcikovo (47°54'00”
N, 17°35'00”E) and Vojka nad Dunajom (47°58'35"N, 17°22'50"E). The infecting
virus was confirmed analyzing amplified products via sequencing. Thereto, the
salivary glands, intestines, and ovaries of five females were examined for live MHV-
68 using an explantation and cocultivation procedure used to achieve spontaneous
reactivation of latent herpesviruses [77, 78]. These methods allowed to use tick
organs to determine the presence of viruses capable of replicating in VERO cells and
producing CPE. The VERO cells seemed to be a good choice because a relatively
long cultivation was needed to properly detect the replication of the virus. A finite
amount of virus from tick organs should be considered because it was impossible to
predict virus dose in each tick. However, live MHV-68 capable of replication in
mammalian cells was identified in all organs of two ticks (Figure 1) suggesting that
MHV-68 found at least in salivary glands might be transmissible from infected to
uninfected host. In the following study, MHV-68 was identified in D. reticulatus
ticks collected from other two sites in Slovakia in 2014, while viral incidence in
adult tick was 53.3% in a group of 30 ticks from Komarno (47°45'48"N 18°07'42"E)
and 62.5% in a group of 40 ticks from Vysoka pri Morave (near the Morava river)
(48°19'50.51"N, 16°54'15.38"E), respectively [79].

The next study on adult D. reticulatus ticks collected in Vojka nad Dunajom in
spring 2013 provided the first evidence of MHV-68 transcripts in field-collected
ticks suggesting that MHV-68 might replicate in their bodies. The transcripts of M3
gene (known to be expressed during both the lytic phase and latent infection of the
animal host) were identified in as many as ten out of eleven questing ticks by nested
RT-PCR method. As one might expect, the transcription of MHV-68 previously
limited to evidence from tick organs after virus propagation in vitro was evidenced
to have different amounts of M3 gene transcripts (Figure 2).

In this study, the amount of MHV-68 genome copies per D. reticulatus tick was
identified in samples of 38 virus-positive ticks. An infectious dose of MHV-68 in
ticks quantified by qPCR varied from 2.2 x 10* to 8.6 x 10° [80].

Haemaphysalis concinna (Koch, 1844) (Acari: Ixodidae) is the second most
abundant tick species after I. ricinus collected from birds and third most abundant
tick species flagged from vegetation in Central Europe. It is widely distributed in
France, Germany, Poland, and alongside the rivers Danube and Morava in
Hungary, Bohemia, Slovakia, and Austria, in Russia and temperate Eurasia, and in
China [81]. In some areas of Slovakia, H. concinna has been found to co-occur with
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Figure 1.

Detection of infectious MHV-68 in the explanted salivary glands of the D. reticulatus tick. Infectivity of MHV-
68 as determined by plaque formation (CPE) in VERO cells 10 days after inoculation with explantation
medium coming from salivary glands of tick No. 1 observed by light microscopy. Magnification, x10, (b)
uninfected VERO cells (negative control), (c) VERO cells infected with MHV-68 (MOI = 0.001 PFU/ml)
(positive control); for details, see Kiidelovd et al. [76].
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Figure 2.

Detection of M3 gene transcripts from MHV-68 in D. reticulatus ticks collected in Slovakia in 2013 by nested
RT-PCR. Lanes: 1—11—ticks nos. 49-59; 12—uninfected tick from the breeding station (negative control); L—
100 bp plus DNA ladder (Thermo Fisher Sci); PC1—MHV-68 BAC DNA (nested PCR; positive control);
PC2—MHYV-68 BAC DNA (the first PCR with nested primers; positive control); NC1—no template (nested
PCR; negative control); NC2—no template (the first PCR with nested primers; negative control); for details, see
Kiidelovd et al. [80].

I. ricinus and D. reticulatus ticks which feed on small- and medium-sized mammals
[82]. H. concinna ticks have been found to transmit nonviral pathogens such as
Coxiella burnetii, Borrelia genus spirochetes, Rickettsia and Babesia spp., Anaplasma
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phagocytophilum, and Neoehrlichia mikurensis. Two tick-borne viruses were
established in H. concinna ticks, tick-borne encephalitis virus (TBEV), and Burana
virus [83, 84]. In Haemaphysalis spp. also other viruses were identified such as
Kyasanur Forest disease virus, three strains of Burana orthonairovirus, Nairobi
sheep disease orthonairovirus, SFTS phlebovirus, Barur ledantevirus, Yongjia
ledantevirus, New Minto virus, and to-date ungrouped viruses (Bhanja virus,
Kaisodi virus, Silverwater virus, and Kwatta) [64]. In 2016, MHV-68 was firstly
identified in adult H. concinna ticks collected in Gab¢ikovo from May 2013 to May
2014. Virus incidence in ticks was 38.3% (18/47), and its genome copy number per
tick varied from 2 x 10” to 9.6 x 10> [85].

The castor bean tick Ixodes ricinus (Linnaeus, 1758) (Acari: Ixodidae) is com-
monly found in Europe. Its distribution covers most of the continent, extending
from Southern Italy up to northern Scandinavia. Rodents, natural hosts of MHV-68,
are important hosts for several Ixodes ticks especially for larvae, to some extent for
nymphs, and in the case of host-specific species also for adults. Therefore, following
studies on MHV-68, a novel potential arbovirus concerned on I ricinus ticks. As
mentioned above, the first evidence of MHV-68 in ticks was found in immature L.
ricinus ticks infesting Lacerta viridis green lizards, from which 1.8% (15/799)
nymphs and larvae were virus positive [55]. It should be noted that ixodid tick
species have multiple life stages with each feeding off a different host and often a
different host species. Ixodes ticks are the most important arthropod disease vector,
long been acknowledged as an important vector for a wide variety of pathogens of
medical and veterinary importance, particularly the tick-borne encephalitis virus
and the Lyme disease spirochetes of the genus Borrelia [86-88]. Their vectorial
capacity is due to long-term coevolution with the pathogens that they transmit, an
extended life span (up to years), and long-lasting blood feeding by all parasitic life
stages [89]. I ricinus ticks, considered as vectors and reservoir hosts, were collected
from different localities in Slovakia [90]. As mentioned above, Ixodes ticks serve as
reservoirs for a series of nonviral pathogens. Describing the results of their occur-
rence so far is beyond the scope of this review. One latest for all is recent study on
diversity of Coxiella-like and Francisella-like endosymbionts, Rickettsia spp., and
Coxiella burnetii in the tick populations, including I. ricinus ticks, collected in Slo-
vakia [91]. Besides TBEV, several viruses were identified in I. ricinus ticks (e.g.,
Louping ill virus, Langat virus, Eyach virus, and at least 20 other viruses in Ixodes
sp. ticks) [64, 92].

Recent studies assessing the occurrence of MHV-68 in I. ricinus ticks proved that
nymphs collected from the vegetation (in Vysoka pri Morave; May 2014) [79] and
also adult ticks could be infected with MHV-68. The viral incidence in adult ticks
collected in the spring of 2014 near waterworks in Gab¢ikovo was 38.1% (21/55),
and the viral load varied from 1.5 x 10 to 2.85 x 10* genome copies per tick. These
results suggest that the I. ricinus ticks became infected with MHV-68 from biting
infected rodents; thus, I. ricinus ticks may also play a role in the spread of this virus
in nature [93].

As described, there are a large number of pathogens found in ticks, but the low
number of experimental transmission studies, that proved or disproved tick vector
competence. To determine tick vector competence, the following conditions must
be fulfilled: acquisition of the virus during blood-feeding on an infected host and
transmission of the virus to a host by the tick after its molting to the next develop-
ment stage. Vertical transmission of pathogens between generations of ticks has
been observed (transovarial transmission) for viruses such as TBEV [94] and ASFV
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Figure 3.

MHV-68 detection in lung and spleen samples from mice infested with F1 infected adults and in F1-infected
female ticks. (A) Lung (a,c) and spleen (b,d) samples of mice infested with F1-infected adults examined by
nested PCR (a,b) and RT-PCR (c,d). Lanes 1a26, 2a17, 3a18, 4428, 5419, 6a20, 7432, 8433, and 9a24
samples of mice infested with F1-infected adult ticks; A35, A36, samples of control mice infested with F1-
control adults. Lanes L2, C1—Cy as for Figure 1A. ** Indicates MHV-68 ORF 50 gene nested PCR product of
382 bp; ++ indicates MHV-68 M3 gene nested RT-PCR product of 241 bp. (B) Semi-thin sections of frozen
whole body of F1-infected females fed for 4 days. (a,b) F1-infected tick from mice 3a18 and 5a19 stained with
anti-MHV-68 rabbit polyclonal serum; (c) uninfected tick (F6 generation of breeding) stained with anti-
MHV-68 rabbit polyclonal serum; (d) F1-infected tick from mouse 3a18 stained with rabbit polyclonal serum
against PB1-F2 protein of influenza virus A (H1N1) (negative control). MD, cells of midgut diverticula; L,
lumen of midgut diverticulum. Scale bar, 200 um; for details, see Hajnickd et al. [96].
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[95]. Last but not the latest study of the MHV-68 in ticks submitted evidence of
virus transmission via I. ricinus ticks. Hajnicka et al. [96] studied experimental
vertical and horizontal transmission of MHV-68 between I. ricinus ticks and their
host—mouse—and vice versa investigating whether MHV-68 is a tick-borne virus.
Uninfected I. ricinus ticks were shown to acquire the virus by feeding on experi-
mentally infected laboratory mice. The virus survived tick molting, and the molted
ticks transmitted the virus to uninfected laboratory mice on which they subse-
quently fed. MHV-68 was isolated from the tick salivary glands, consistent with
transmission via tick saliva. The virus survived in ticks without loss of infectivity
for at least 120 days and subsequently was transmitted vertically from one tick
generation to the next, surviving more than 500 days. Furthermore, the F1 genera-
tion (derived from FO-infected females) transmitted MHV-68 to uninfected mice
on which they fed, with MHV-68 M3 gene transcripts detected in blood, lung, and
spleen tissue of mice on which F1 nymphs and F1 adults engorged. The presence of
MHYV-68 in the body of female tick of F1 generation was verified using anti-M3
monoclonal antibody (Figure 3). All results confirmed vertical transmission of
MHV-68 in I. ricinus ticks. These experimental data fulfilled the transmission
criteria that define an arthropod-borne virus (arbovirus).

5. Conclusions

Little is known of the natural history of MHV-68 that was discovered in 1980 to
infect murid rodents trapped in Slovakia. About 20 years ago, the finding of neu-
tralizing antibodies to MHV-68 in sera of at least 13 different mammalian species
including humans sharing the same biotope with infected rodents gave rise to the
hypothesis that MHV-68 might spread in nature also via tick biting. However, up to
10 years later, the first evidence of MHV-68 in ticks appeared, namely, in immature
L ricinus ticks, which feed on lizards. The following field studies have reported
MHYV-68 in free-living ticks of three species: D. reticulatus, H. concinna, and L.
ricinus. They confirmed that MHV-68 belongs to few tick-borne viruses that have
been detected in three tick species. Taking into account the nature and pathogenesis
of MHV-68, it is not surprising that its incidence in ticks depends on, among other
factors, in particular its incidence in natural host—murid rodents. Recent experi-
mental transmission study submitted inevitable evidence that MHV-68 is capable of
transmitting from infected to uninfected hosts via L. ricinus ticks; thus, MHV-68 is a
novel arbovirus. This finding is of importance because herpesviruses were till now
believed not to infect arthropods, and vector-mediated transmission of herpesvi-
ruses was unreported hitherto [97]. More interestingly, MHV-68 is the first herpes-
virus and also a gammaherpesvirus among tick-borne viruses known to date.
Further studies are needed to determine if neutralizing antibodies to MHV-68
detected 20 years ago in mammals sharing the same biotope with infected rodents
are the result of tick-borne transmission of MHV-68 in nature and whether humans
are at risk of infection.
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