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I. Introduction 

Pictures of apocalyptic landscapes with piles of farm animals being incinerated in the fields 

during the foot-and-mouth disease (FMD) outbreak in the United Kingdom in 2001 have 

shaped the public perception of this highly contagious notifiable disease. During the 2001 ep-

izootic, millions of animals were killed to prevent further spread of FMD across the UK and 

Europe, but emergency vaccination was not performed.  

Inactivated vaccines against foot-and-mouth disease virus (FMDV) are commercially available, 

reliably prevent clinical disease and reduce transmission. On the other hand, vaccine produc-

tion requires the growth of large amounts of virus posing a risk for a breach of containment 

like in the FMDV outbreak of 2007 in the UK. Furthermore, current vaccines are not able to 

induce a sterile immunity and vaccinated animals can be subclinically infected, leading to pos-

sible persistence of infection in ruminants. Virus can be recovered from subclinically infected 

as well as from persistently infected cattle, and they are indistinguishable by clinical examina-

tion. In contrast to persistently infected cattle, during subclinical infection FMD virus is ex-

creted in nasal fluid and saliva and poses a high risk of transmission.  Even though transmission 

from persistently infected animals has only been documented in the African buffalo (Syncerus 

caffer) and not in cattle (Bos taurus), every infected animal has to be culled to regain FMD-

free status under the rules of the World Organization for Animal Health (WOAH).  

Since the first description of persistent FMDV infection in cattle, the so-called carrier state, by 

Jaap van Bekkum in 1959, the infection of the epithelia of the upper respiratory tract in cattle 

by FMDV has been described in detail. But efforts for a prevention or disruption of the carrier 

state have been in vain. The fundamental mechanism of establishment of persistent infection 

as well as answers to the crucial questions of which animals become carriers and why remain 

elusive. To shed a light on these key points of understanding FMDV, this work presents studies 

which aim to decipher the virus-host interaction during the persistent phase by (i) character-

izing the influence of FMDV and especially its Lpro protein on persistently infected tissues in 

vivo and (ii) documenting the genomic evolution of virus during infection under selective pres-

sure from the host immune system. 
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II. Review of literature 

1. Foot-and-mouth disease virus 

In 1898 Friedrich Loeffler and Paul Frosch demonstrated that FMD is caused by an agent which 

could pass through bacteria-proof filter, but not through a Kitasato-filter for very small parti-

cles, and concluded for the first time that its infectious agents are particles smaller than bac-

teria, but not homogeneous fluids as hypothesized before by Beijerinck (Witz 1998).  

The etiological agent of FMD we know now as foot-and-mouth disease virus (FMDV) is a single-

stranded RNA virus of positive polarity. It belongs to the genus Aphthovirus and the family 

Picornaviridae. FMDV and other species of the genus Aphthovirus such as equine rhinitis virus 

and bovine rhinitis virus differ from other Picornaviridae in their acid lability (Mahy 2005). In 

contrast to acid-stable picornaviruses like poliovirus in the genus Enterovirus, which can pass 

the stomach and infect the gastrointestinal epithelium, FMDV infects primarily epithelia of the 

upper respiratory tract and causes a highly infectious disease with characteristic vesicular le-

sions on hairless epithelia. 

i. Structural proteins 

The virion of FMDV consists of four structural proteins VP1, VP2, VP3 and VP4 as depicted in 

Figure 1. The four structural proteins of FMDV form a protomer as the smallest structural unit 

and five of those make a pentamer with the VP1 units centrally located around the fivefold 

axis of symmetry. Overall, 60 protomers form the icosahedral capsid of FMDV. VP1, VP2 and 

VP3 are exposed on the outer surface of the capsid and mediate receptor binding and anti-

genicity. The general structure of these three structural proteins is similarly constructed from 

8-stranded β-sandwiches connected by loops (Mateu 1995). An exception to this universal 

blueprint is the G-H loop of VP1, which is motile and prominently exposed on the surface. 

With its highly conserved RGD-motif formed by amino acid residues 145-147 it facilitates the 

binding of receptors for cellular adhesion and entry (Logan et al. 1993). By changing its con-

formation between the ‘up’ and ‘down’ position, the G-H loop can avoid a recognition by an-

tibodies (Parry et al. 1990). The G-H loop of VP1 compromises an important antigenic site, 

called “site 1”, and has been traditionally a target of experimental vaccines (Bittle et al. 1982). 
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The antigenic sites 3 and 5 are located on the surface of VP1 as well, while site 2 is situated on 

the surface of VP2 and site 4 on VP3. Site 1 has historically been considered to be immu-

nodominant, but after vaccination more antibodies are directed against site 2 on VP2  (Maha-

patra et al. 2012).The distribution of the antigenic sites over the surface resembles among all 

serotypes and amino acid substitutions here determine the serotype and cross-reactivity 

within serotypes (Mateu et al. 1994). 

VP4 on the other hand, which constitutes the inner surface of the capsid, is no target of neu-

tralizing antibodies, supporting the highly conserved structure of VP4 among all serotypes (van 

Lierop et al. 1995). VP4 is further myristylated on its N-terminus, enhancing capsid stability 

and cell entry (Chow et al. 1987). 

Figure 1. Structure of the virion and genome organization of FMDV (created with BioRender) 

ii. Non-structural Proteins 

The Leader protein Lpro is the first protein to be translated in the polyprotein of FMDV. The 

papain-like cysteine proteinase autocatalytically cleaves itself from the polyprotein. The se-

quence coding for Lpro contains two separate initiation codons 84 nucleotides apart, termed 
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Lab and Lb, as depicted in Figure 1. The second codon is preferentially used for translation 

initiation, producing a 28 amino acid smaller Lpro more often, but there is no functional differ-

ence observed between the alternate versions of the Leader protein (Medina et al. 1993). Lpro 

inhibits cap-dependent mRNA translation in the host cells by cleaving the eukaryotic transla-

tion initiation factor 4 gamma (eIF4G) using a conserved SAP domain (Los Santos et al. 2009; 

Devaney et al. 1988). Therefore, it is promoting the cap-independent translation of FMDV RNA 

which requires the cleaved product of eIF4G (López de Quinto et al. 2001). Similarly, eIF3 sub-

units a and b are cleaved by Lpro as well, contributing to the host translation shutdown 

(Rodríguez Pulido et al. 2007). Lpro plays another important role in the inhibition of the innate 

immune response. Degradation of the p65 subunit of NF-κB by Lpro after its translocation into 

the nucleus prevents the transcription of NF-κB dependent genes TNFα and RANTES (Los San-

tos et al. 2007). The type I interferon (IFN) antiviral response is antagonized by Lpro, resulting 

in a strong attenuation of genetically modified FMDV strains lacking a functional Leader pro-

tein (Los Santos et al. 2006). Recent discoveries have elucidated the manifold ways in which 

Lpro disrupts the induction of an IFN type I response, beginning with the cleavage of important 

cytosolic receptors detecting viral RNAs like RIG-I, MDA5, and MAVS (Visser et al. 2020), as 

well as LGP2, which acts as a positive regulator for these receptors in the presence of viral 

RNA (Rodríguez Pulido et al. 2018). Downstream in the IFN signalling pathway, the expression 

of type I IFNs is inhibited by Lpro cleaving the IFN regulation factors 3 and 7 (IRF-3,-7) and as a 

result IRF-responsive genes are downregulated in their expression (Wang et al. 2010). Another 

mechanism of Lpro to antagonize the IFN response is its role as a viral deubiquitinase. Inhibiting 

the ubiquitination of several signalling molecules in the IFN-signalling cascade like RIG-I, TBK1, 

TRAF6 and TRAF3 prevents their activation and suppresses the downstream signalling (Wang 

et al. 2011). The importance of Lpro functions in inhibiting the IFN response is demonstrated 

by the deletion of the Leader coding sequence, which results in a very strong attenuation in 

vivo (Belsham 2013). It is not suitable as a live-attenuated vaccine, since sufficient replication 

has to take place to elicit an antibody response, but it could be used for the production of 

inactivated virus with a lower biological risk (Uddowla et al. 2012). 

The short protein 2A, which is only 18 amino acids long, has only one function in the processing 

of the polyprotein. It is released from the following 2B co-translationally by ribosomal skipping 
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mediated by a C-terminal motif of 2A, but remains linked to the polyprotein P1 until final re-

lease by 3C cleavage (Donnelly et al. 2001).  

The viroporin 2B can interact with the hydrophobic membrane of the host cell promoting the 

destruction of the cell and release of the viral particles (Da Ao et al. 2014). In other picorna-

viruses it has been shown that 2B is able to remodel membranes of the cell organelles forming 

an immunoprivileged viral production compartment (Li et al. 2019). The calcium influx caused 

by the viroporins was documented to trigger the innate immune response via the NLRP3 in-

flammasome after encephalomyocarditis virus infection (Ito et al. 2012). But this immune ac-

tivation is counteracted by 2B itself by reducing the expression of the viral-sensing receptors 

RIG-I and MDA5 (Li et al. 2018) and targeting cyclophillin-A, an enhancer of these receptors 

(Liu et al. 2018). 

Among many species of the family Picornaviridae and across FMDV serotypes, the coding se-

quence for protein 2C is highly conserved, implicating an essential function in viral replication 

(Chen et al. 2021). 2C is less studied in FMDV but conclusions can be drawn in analogy from 

related picornaviruses. Similar to 2B, 2C is membrane-associated and can induce a conforma-

tional change in membranes forming the viral replication complex (Gosert et al. 2000). Similar 

to other picornaviruses, 2C of FMDV has ATPase activity and is able to bind RNA, which are 

both essential functions for viral replication (Sweeney et al. 2010). Additionally, 2C promotes 

apoptosis and a IFN type I response via recruitment of Nmi and the IFN-induced protein IFP35 

(Zheng et al. 2014). But on the other hand, 2C can inhibit the IFN response by downregulating 

the expression of the receptor NOD2 and preventing the recognition of viral ssRNA (Liu et al. 

2019).  

The polyprotein P3 consists of the non-structural proteins 3A, 3B1-3, 3C and 3D. 3A is mem-

brane-associated like 2B and 2C, but in contrast to them it cannot induce a conformational 

change in the membranes (García-Briones et al. 2006). It further inhibits the IFN-β signalling 

by downregulation of the expression of the viral-sensing receptors RIG-I, MDA5 and MAVS (Li 

et al. 2016a). Alterations in the amino acid sequence of 3A can cause significant changes in 

virulence or even a shift of host tropism, such as the amino acid substitution Q44R which 

adapted the FMDV strain in question to guinea pigs (Núñez et al. 2001) or the deletion of 
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amino acids 93-102 in the naturally occurring FMDV strain O/TAW/97 which causes severe 

disease in swine but cannot productively infect cattle (Beard and Mason 2000).  

Different from other members of the Picornaviridae family, the ORF of FMDV encodes three 

copies of the 3B protein (3B1, 3B2 and 3B3) also known as VPg (“viral protein, genome-

linked”). The three proteins are highly homologous and interchangeable without a loss of func-

tion, but not identical (Forss and Schaller 1982). An insertion of another copy of VPg as well 

as a deletion in the genome is tolerated by FMDV and produces infectious virus (Falk et al. 

1992). But FMDV strains carrying only a single copy of VPg are attenuated in swine in vivo 

(Pacheco et al. 2003). As the name VPg implies it is covalently bound to the 5’ end of the viral 

RNA and serves as a replication primer after uridylation (Paul and Wimmer 2015). VPg can 

inhibit the ubiquitination of RIG-I and by that prevents binding to MAVS, suppressing the 

downstream activation of the IFN response (Zhang et al. 2020b). 

3Cpro is a chymotrypsin-like cysteine protease, which is responsible for almost all cleavages 

occurring during the processing of the FMDV polyprotein, except the autocatalytic cleavage 

of Lpro, the ribosomal skipping at the C-terminus of 2A and the maturational cleavage of VP0 

(Birtley et al. 2005; Bablanian and Grubman 1993). Like the other major protease of FMDV, 

Lpro, 3Cpro contributes to the host cell shut-off promoting viral replication and translation. By 

cleaving the transcription initiation factors eIF4G and eIF4A, the cap-dependent translation of 

host mRNA is suppressed while the cap-independent translation of viral RNA can utilise all the 

resources of the cell. This cleavages occurs later in infection than the one by Lpro (Belsham et 

al. 2000). Host cell transcription is also inhibited by 3Cpro cleaving the histone H3 at its N ter-

minus. Truncated H3 remains chromatin-associated, thereby rendering the host cell DNA in-

accessible for transcription (Falk et al. 1990). The IFN type I response signalling is targeted by 

3Cpro as well. Like Lpro, it can downregulate the expression of LGP2 reducing the activation of 

the RNA sensing receptors RIG-I and MDA5 (Zhu et al. 2017) and it targets the receptor NOD2 

preventing detection of viral RNA. Additionally, 3Cpro affects the JAK-STAT pathway, which is 

activated by IFN type I, by blocking the translocation of STAT1 and STAT2 into the nucleus 

preventing the transcription of IFN stimulated genes (ISGs) (Du et al. 2014). 
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3Dpol is the largest protein encoded by FMDV and the last to be translated. Its essential main 

function is that of an RNA-dependent RNA polymerase, replicating the positive-sense single-

stranded genomic RNA of FMDV through a negative-sense intermediary. Since this is a critical 

task for viral survival, the sequence of 3Dpol is highly conserved among serotypes and their 

subtypes (George et al. 2001). Unlike the replication apparatus of other positive-sense single-

stranded RNA viruses such as SARS-CoV 2, which possesses an exonuclease for correcting er-

roneously incorporated nucleotides and thereby reducing the error rate during replication 

(Denison et al. 2011), the FMDV 3D polymerase has no error correction. This comparatively 

low fidelity of the viral protease results in a high mutational rate in picornaviruses (Ma et al. 

2013). Apart from its major replicative function only interactions with two other proteins have 

been described (Sarry et al. 2022). 

iii. Genome characteristics, replication and translation 

The genome of FMDV is roughly 8300 nucleotides in length. It includes one large open reading 

frame (ORF) coding for a polyprotein containing all proteins of FMDV. This ORF is framed by 

two untranslated regions (UTR), with a long 5’ UTR of 1300 nt and a shorter 3’ UTR of 100 nt 

which ends in a poly(A) tail. At the 5’ end, the small VPg protein encoded by 3B is covalently 

attached to the RNA. The 5’ UTR contains several secondary structures, among them the cis-

acting replication element (cre) and the internal ribosome entry site (IRES), which are essential 

for replication and translation. In the ORF, the sequence of the four structural proteins (VP1-

4) is flanked by sequences coding for the eight non-structural proteins, with the Leader pro-

teinase Lpro at the 5’ end and the remaining non-structural proteins on the 3’ end, beginning 

with 2A as depicted in Figure 1 (Belsham 2005). 

The replicative cycle of FMDV in cells begins by binding to superficial integrins consisting of 

the αV subunit in connection with β subunits β1, β3, β6 or β8. Preferentially targeted by FMDV 

is αVβ6 integrin, which is expressed especially in hairless epithelia (O'Donnell et al. 2009). The 

receptor binding is facilitated by the highly conserved RGD domain in the GH-loop of VP1. In 

vitro, FMDV can evolve a receptor binding capacity independently from integrins and the RGD 

motif, developing an affinity to heparan sulphate caused by amino acid changes in the super-

ficial layer of VP3 (Wang et al. 2015). Endocytosis of FMDV takes place in a clathrin-dependent 
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manner after binding to integrin αVβ6 (Berryman et al. 2005). In order to release the viral RNA 

from the endosome into the cytoplasm, where it can finally be translated, it has been hypoth-

esized for picornaviruses that VP1 is piercing through the endosomal membrane forming a 

channel for the RNA which is guided by VP4 (Tuthill et al. 2009; Hogle 2002). Once the RNA 

has reached the cytoplasm, translation is initiated in a cap-independent matter. A secondary 

RNA structure in the 5’-UTR, the so-called internal ribosome entry site (IRES), is recruiting the 

translational initiation complex to the viral genome. FMDV requires all eukaryotic initiation 

factors (eIFs) except eIF4E, which binds to the cap structure of host cell mRNA (Belsham 2005). 

The binding of the translation initiation complex to eIF4E is prevented by cleavage of eIFG4 by 

the FMDV Leader proteinase Lpro (Devaney et al. 1988). Following 450 nucleotides downstream 

of the beginning of the IRES, the first AUG initiation codon is conserved in the sequence but 

poorly recognized by the ribosomal translation apparatus, resulting in the initiation of trans-

lation more often at the second initiation codon another 84 nucleotides downstream, as de-

picted in Figure 1 (Belsham 1992). Translation of the viral ORF of FMDV produces a polyprotein 

which is successively cleaved into its constituent proteins via the three intermediates P1, P2 

and P3. P1 includes Lpro, VP0, VP1, VP3 and 2A, P2 includes 2B, 2C and P3 includes 3A, 3B1-3, 

3C and 3D. VP0 is further cleaved into VP4 and VP2 during maturation of the viral capsid. 

Cleavage of these proteins is performed by the two viral proteases 3Cpro and Lpro, which re-

leases itself by autocleavage from the P1 polyprotein (Bablanian and Grubman 1993). 

Since the FMDV genome is a positive-sense single-stranded RNA, it can be directly used as an 

mRNA for translation of its proteins. For FMDV replication, on the other hand, at first a nega-

tive-stranded template has to be transcribed which can then be transcribed into the genomic 

positive-stranded RNA again. This is performed by the viral RNA-dependent RNA polymerase 

(RdRp) 3D (Gamarnik and Andino 1998). To avoid the recognition of double-stranded viral 

RNA, which is produced during replication, by the host‘s innate immune response, viral RNA 

and proteins colocalize in segregated compartments in the vicinity of the nucleus and the Golgi 

apparatus (Monaghan et al. 2004). As a precursor to the viral capsid, the structural proteins 

VP1-4 are folded into a protomer. At the beginning, this smallest unit of the capsid still con-

tains the predecessor protein of VP4 and VP2, termed VP0, which is probably autocatalytically 

cleaved in presence of the viral RNA, further stabilizing the protomer and the superordinate 

pentamer structure of the capsid assembled from 5 protomers (Fry et al. 2005). FMDV as an 
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unenveloped virus does not require any further maturation and is finally released by cell lysis 

after accumulation of virus particles in the host cell.  

 

2. Epidemiology  

FMDV has ravaged farm animal populations worldwide for centuries and, as a consequence of 

its high mutational rate, seven serotypes have emerged. These are O, A, C, Asia1 and Southern 

African Territories (SAT) 1, 2 and 3. The serotypes with the widest distribution around the 

globe are O and A. The topotype PanAsia of Serotype O, originally named after the French 

department Oise (Vallée and Carré 1922), was the cause of a severe panzootic beginning in 

the 1990 and reaching its climax in the early 2000s with the FMDV outbreak in the United 

Kingdom in 2001 (Knowles and Samuel 2003). Serotype A, named after Allemagne (French for 

“Germany”) (Vallée and Carré 1922), shows the highest antigenic difference among the seven 

serotypes (Knowles and Samuel 2003). Shortly after the definition of these first two serotypes, 

serotype C was discovered through complement fixation tests by Otto Waldmann and Karl 

Trautwein on the isle of Riems (Waldmann and Trautwein 1926). Serotype C has circulated 

worldwide across Europe, Asia, Africa and South America, but to a lesser extent than O and A. 

Since the last reports of an outbreak of serotype C in Kenya and the Amazon region of Brazil 

in 2004, no further cases have been detected worldwide and it is assumed that serotype C is 

extinct in the wild (Paton et al. 2021). Serotype Asia 1 was first documented in samples from 

Pakistan in 1954 (Brooksby and Rogers J. 1957). The SAT 1-3 serotypes were historically con-

fined to sub-Saharan Africa (Thomson 1995), but in the last years SAT2 has made its way to-

wards Europe via Saudi Arabia, Iraq and Turkey, where it was reported in 2023 for the first 

time (WRLFMD 2023). The clade of serotypes O, A, C and Asia1 is genetically distinct from the 

SAT serotypes, with a divergent evolution estimated to have begun in the early middle ages in 

the Mediterranean region (Aiewsakun et al. 2020). FMDV is distributed globally but only sero-

types O and A occur on every continent. Different serotypes can simultaneously be present in 

affected regions and according to Paton et al. (2009) seven endemic pools can be distinguished 

with individual sets of topotypes circulating therein. The countries mainly affected by FMD are 

located in central Africa, the Middle East and central and southern Asia as illustrated in Figure 
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2. This is of great concern since these areas are densely populated by susceptible livestock as 

well (Knight-Jones and Rushton 2013).  

Figure 2. Global FMDV distribution, adapted from (Freimanis et al. 2016) using the official FMD 

status recognized by WOAH as of February 2024 (WOAH 2024). Green: free from FMDV with-

out vaccination, light green: free from FMDV with vaccination, orange: sporadic FMDV, red: 

endemic FMDV. Created with mapchart.net 

The host range of FMDV is mainly comprised of species belonging to the order of Artiodactyla. 

The presumed natural host of FMDV is the African buffalo (Syncerus caffer) which shows very 

limited signs of disease but is able to transmit virus in the acute and persistent phases of in-

fection (Dawe et al. 1994b; Anderson et al. 1979). Besides many undomesticated species of 

cloven-hoofed animals like wild ruminants (Brown and Bevins 2019), wild suidae (Breithaupt 

et al. 2012) and camelidae (Wernery and Kaaden 2004), the economically most important spe-

cies which can be infected by FMDV are cattle (Bos taurus), domesticated pigs (Sus scrofa) as 

well as sheep (Ovis aries) and goats (Capra hircus) (Knight-Jones and Rushton 2013). Experi-

mentally, mice and guinea pigs can be infected with adapted strains (Vleeschauwer et al. 2016; 

Borca et al. 1986). FMDV used to be considered a zoonosis, but compared to the frequent 

exposure of farm workers and veterinarians in past FMD epizootics, only very few human 

cases have been described (Bauer 1997) and none have been confirmed with modern diag-

nostic methods.  
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3. Pathogenesis and clinical presentation 

Generally, the progression of infection in cattle can be divided into 4 phases: the first phase 

after infection is the incubation phase, when the virus is already replicating within the host 

but clinical signs are not yet present. During the incubation, infected animals can already be 

infectious. The acute phase starts with the occurrence of the first clinical signs of infection 

which is usually fever, followed by vesicular lesions. During this period, the animal is highly 

infectious and transmits virus easily. As soon as the lesions are healing and the general condi-

tion of the animal improves, the phase of transition begins. In this phase, ruminants either 

clear the infection or become persistently infected. The persistent phase is the last phase of 

infection, when virus is present in small amounts in epithelia of the nasopharynx with only 

limited replication (Stenfeldt and Arzt 2020).  

As mentioned above, cattle are highly susceptible to infection via aerosols, in contrast to pigs 

which are more susceptible to an infection via the oral route (Alexandersen et al. 2003; Sellers 

and Gloster 2008). In both species, initial viral replication depends on lymphoid epithelium: in 

cattle, the localization for primary replication is the follicle-associated epithelium (FAE) over-

lying the mucosa-associated epithelium (MALT) (Stenfeldt et al. 2015), in swine the preferred 

localization are the epithelial crypts of the oropharyngeal and laryngopharyngeal tonsils (Sten-

feldt et al. 2014b). Epithelial cells are the first cells to be infected and shortly thereafter FMDV 

can be detected in the adjacent MALT, in which it colocalizes with endothelial cells. From here 

on, viremia is established (Arzt et al. 2010). The onset of viremia defines the end of the incu-

bation and the beginning of the clinical phase (Yadav et al. 2019). Hematogenous spread 

causes systemic infection and distributes virus to the sites of secondary lesions, which usually 

appear one day after the onset of viremia (Eschbaumer et al. 2016a). The locations of vesicular 

lesions are determined by the distribution of the preferred binding receptors of FMDV, αVβ3 

and αVβ6 (O'Donnell et al. 2009). During the clinical phase, typical signs of FMDV infection can 

be observed, i.e. fever, vesicular lesions on the tongue, the dental plate, the gingiva, the muz-

zle and in the nares as well as in the interdigital cleft and on the coronary bands. Vesicles 

rupture after 1-2 days, leaving behind sensitive erosions in the epithelium, which subse-

quently heal with fibrin overlaying the wounds. The emergence and rupture of vesicles in the 

mouth of cattle is commonly accompanied by excessive drooling. Due to the reduced general 
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condition, a loss of production in infected herds can appear (Alexandersen and Mowat 2005). 

Overall mortality is low but can rise in young immunologically naïve animals, in which FMDV 

causes fatal myocarditis — the so-called ‘tiger heart’ (Sahoo et al. 2023; Stenfeldt et al. 2014a; 

Ryan et al. 2008).  

Clearance of the infection begins with a fast immune response 4-7 days after infection, pro-

ducing antibody IgM and IgG which can end viremia within days of onset (Eschbaumer et al. 

2016a). A detectable amount of virus can remain in peripheral lesions up to 14 days (Zhang 

and Alexandersen 2004). While ruminants now enter the transitional phase, in which the virus 

is either completely cleared or establishes a persistent infection, swine cannot be persistently 

infected, as no virus can be recovered from them later than the 28th day of infection (Stenfeldt 

et al. 2016b).  

4. Viral Persistence 

i. Persistence versus Latency 

Retreating from an activated immune response into a niche with limited exposure to the im-

mune system allows many different viruses to remain in an infected host and guarantees sur-

vival within the affected population. The underlying basic principles of such a prolonged infec-

tion can be differentiated between a persistent infection and a latent infection. During the 

persistent phase, infectious virus is continuously or intermittently produced and the viral ge-

nome can still be present after clearance of infectious virus. During latency, on the other hand, 

the viral genome is not replicated or only at very low levels, and latently infected cells are 

poorly recognized by the immune system. The latent state can be interrupted by phases of 

recurrence during which productive viral replication occurs (Flint et al. 2020). Mainly large 

DNA viruses meet the complex requirements for a latent infection, such as the herpesviruses 

varicella zoster virus (Varicellovirus humanalpha3), herpes simplex virus (Simplexvirus human-

alpha1), pseudorabies virus (Varicellovirus suidalpha1) and the bovine herpesvirus 1 (Varicel-

lovirus bovinealpha1). Among them, the herpes simplex virus (HSV) represents the prototype 

of a latent infection. Two thirds of humanity are seropositive for HSV-1 which causes orolabial 

or genital lesions during the acute phase (James et al. 2020). After the primary infection of 

mucosal epithelia, which is productive and cytolytic, HSV spreads retrograde along the 
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neuronal axons to the nucleus located in the ganglion where it establishes the latent infection 

(Zhu and Viejo-Borbolla 2021). An important driver for the initiation of the latent state could 

be the quick onset of the innate immune response mainly through IFNα (Regge et al. 2010). 

During the latent phase, the viral DNA is coated by nucleosomes and is not replicated, while 

distinct sections of viral mRNA are transcribed, the so-called latency-associated transcripts, 

which inhibit further viral transcription (Zhu and Viejo-Borbolla 2021). Reactivation of the la-

tent virus, which can be caused by stress, fever or UV light, leads to translation of the viral 

proteins and nascent viral particles spread anterograde back to the mucosal epithelia (Roiz-

man and Whitley 2013). CD8+ cytotoxic T cells prevent this reactivation but ultimately cannot 

clear the latently infected cells which remain infected for the lifetime of the host (St Leger and 

Hendricks 2011). 

A persistent infection with productive viral replication, on the other hand, is often caused by 

RNA viruses including Ebola virus (Orthoebolavirus), human immunodeficiency virus (HIV), bo-

vine viral diarrhea virus (Pestivirus bovis; BVDV) and several others. As diverse as theses group 

of RNA viruses are phylogenetically as diverse are the strategies, they use for establishing a 

persistent infection. 

As one of the most fearsome infectious diseases of our time, Ebola virus can cause a persistent 

infection after the acute hemorrhagic phase. Male survivors, persistently infected, can shed 

virus in the semen and can transmit virus via sexual contact. This reservoir of persistent virus 

poses a significant risk for public health (Jacob et al. 2020). Late in the acute infection, Ebola 

virus tends to infect immunoprivileged tissues, such as the eyes, the brain and the testes, 

which are shielded from immune cells in the blood by a blood-tissue barrier. Ultimately, the 

virus is cleared from these sites, but this can take months or years and during that time, virus 

can be shed through the semen or, if the fine balance between viral persistence and immune 

response is disturbed, a relapse to acute infection can occur (Schindell et al. 2018). BVDV in 

comparison infects cattle and in a gravid cow BVDV can spread transplacentally to the foetus. 

If a foetus is infected by a non-cytopathic strain of BVDV before the 110th day of gestation, it 

is in most cases born as a persistently infected calf, which is clinically inconspicuous but sheds 

large amounts of virus. This is possible through an immunotolerance against BVDV, facilitated 

by an immune evasion of the adaptive immune system which is not fully established at the 
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time of infection and an inhibition of the IFN response (Lanyon et al. 2014; Peterhans and 

Schweizer 2010). Another mechanism is the occurrence of mutations in the viral genome 

which change the viral phenotype, like it is observed in panencephalitis induced by measles 

virus (Mathieu et al. 2021) or in Theiler’s virus, where a single amino acid change can establish 

the persistent infection (Jarousse et al. 1994). Targeting the immune response directly is also 

a method used by several viruses to establish a persistent infection. The flavivirus hepatitis C 

virus (Hepacivirus hominis), for example, degrades TRIF, an essential adaptor protein for the 

toll-like receptor 3, suppressing the recognition of viral RNA and can chronically infect the host 

(Kar et al. 2017; Liang et al. 2018). HIV infects various immune cells and by that is transported 

throughout the body. Infected immune cells are less susceptible to antibody-dependent cyto-

toxicity (Astorga-Gamaza et al. 2022). 

For the persistent FMDV infection in ruminants the mechanisms are still elusive. 

ii. Persistent FMDV infection 

Persistently infected animals, the so-called carriers, have first been described in 1959 by van 

Bekkum et al. (1959). Since then, our knowledge concerning this phase of infection has grown 

constantly. Currently, carriers are defined as animals from which virus can be recovered later 

than the 28th day of infection. The carrier incidence after acute FMD infection varies vastly but 

usually lies around 50% under experimental conditions after 28 dpi. The incidence of carriers 

slowly declines over time, but individual animals can remain persistent for months (Moonen 

and Schrijver 2000). 

A carrier animal does not exhibit any clinical signs of infection and therefore cannot be distin-

guished from subclinically infected or reconvalescent animals. From subclinically infected an-

imals and carriers virus can be recovered. In subclinical animals, shedding of virus is reduced 

compared to the acutely infected, but in carriers the only way to recover virus is by sampling 

the oropharyngeal region with a probang cup, as established by van Bekkum et al. (1959). The 

probang cup is a round metal cup on the end of a flexible rod or chain which collects saliva 

and superficial tissue from the oropharyngeal region, the so-called oropharyngeal fluid, as pic-

tured in Figure 3. From this sample, virus can be directly isolated in cell culture, but a treat-

ment with 1,1,2-trichloro-1,2,2-trifluoroethane (TTE) enhances the probability of a positive 
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virus isolation(Sutmoller and Cottral 1967). It is thought that TTE treatment releases antibody-

complexed virus (Brown and Cartwright 1960). If the unprocessed oropharyngeal fluid is trans-

ferred directly into another naïve animal by intranasopharyngeal inoculation, the inoculated 

animals develops FMD as well (Arzt et al. 2018).  

 

Figure 3. (Left) Sampling of cattle with a probang cup in the BSL4vet facility on the Isle of Riems, 

(Right) OPF collected in the probang cup. 

This special sampling technique is required because replicative FMDV is only present in a lim-

ited localization during the persistent phase in cattle: the epithelia of the nasopharynx. Among 

these epithelia, the preferential site of infection are the dorsal nasopharynx and the dorsal 

soft palate, which are opposing epithelia in the nasopharyngeal region (Pacheco et al. 2015). 

Immunofluorescence and PCR from laser-capture micro-dissected tissue were used to further 

define the microanatomical localization of persistence, which is the FAE covering the MALT 

(Stenfeldt et al. 2016a). The distribution of this specialized lymphoid epithelium in the pharynx 

coincides with the preferential tissue of persistent FMDV (Meek et al. 2022) and is of special 

interest since this is also the site of primary replication for FMDV as described above. 



23 

 

Even though the OPF recovered from carriers is infectious for cattle, no convincing evidence 

has been found that transmission of FMDV from carrier cattle is possible (Stenfeldt and Arzt 

2020). Carriers have been historically hypothesized to be the source of an outbreak where 

other routes of introduction had been excluded, but in several co-housing trials only one trans-

mission event has been documented under experimental conditions (Tenzin et al. 2008; Sut-

moller et al. 1968). Doubts have been raised concerning the biosecurity measures during the 

trial reported by Sutmoller et al., which could have led to an infection of the contact animal 

via a different route. Neither the induction of stress in carriers by transport or steroid treat-

ment nor scarification of contact animals enhances viral transmission (Sutmoller et al. 1968). 

Figure 4. Progression of FMDV infection in naive cattle from primary infection in the nasophar-

ynx, to a systemic infection with lesions on hairless epithelia and shedding of virus, to the per-

sistent infection with limited replication in the nasopharynx and disputed potential of shedding 

(Created with BioRender.com) 

In contrast to the disputed contagiosity of carrier cattle, in the wildlife reservoir of FMDV, the 

African buffalo (Syncerus caffer), carrier animals are indeed infectious. Infection of these ani-

mals with FMDV is causing only mild clinical signs with minor vesicular lesions (Dawe et al. 

1994a), but results in a high proportion of persistently infected animals (Jolles et al. 2021). 

These persistently infected animals have been demonstrated to transmit FMDV to cattle 

(Dawe et al. 1994b; Vosloo et al. 1996). Recent investigations of carrier buffalo have shown 

that FMDV requires the persistent infection with onward transmission to maintain endemicity 

in buffalo populations (Jolles et al. 2021). This different epidemiologic aspect of persistent 

FMDV in buffalo compared to cattle may be due to an altered preferential location of infection 
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in the nasopharynx. The palatine tonsil seems to be infected to a higher proportion for a longer 

time than comparable tissues in the pharyngeal region and sampling with a tonsil brush col-

lects virus more reliably than using a probang cup (Maree et al. 2016). This shift of the pre-

ferred persistently infected tissue from the upper region of the nasopharynx in cattle to the 

lower region in close vicinity to the oral cavity in buffalo may be one of the crucial factors for 

active shedding of virus and transmission by carriers.  

The high mutation rate of FMDV leads to a hypothesis connecting viral persistence with dis-

tinct genomic traits. Even though viral replication seems to be slower during persistence 

(Horsington and Zhang 2007a), the substitution rate is maintained at a high level (Arzt et al. 

2019). Traditional Sanger sequencing of FMDV focused mainly on VP1 for serotyping. With its 

exposed antigenic sites, VP1 was of high interest for the hypothesized antigenic escape by 

mutation. In consensus sequences of VP1 from probang samples, Gebauer et al. (1988) 

demonstrated a similar number of mutations acquired within days of persistence compared 

to years of viral evolution during the acute phase. Pauszek et al. (2016) found an amino acid 

change at VP1 114 of O/ME-SA/PanAsia to be correlated with persistent infection. By expand-

ing the range of sequencing to other regions of the ORF, other mutational changes were iden-

tified and connected with persistence, e.g. by Horsington and Zhang (2007b), who found such 

an amino acid substitution at position 79 in the B-C loop of VP2. However not every investiga-

tion found a distinct correlation between the persistent phase and the viral genome (Cortey 

et al. 2019). Using more advanced deep sequencing techniques, the simultaneous presence of 

different viral populations caused by the high mutational rate could be addressed. In this viral 

super swarm, several haplotypes are present in the inoculum as well as during the acute 

phase, but with progression of infection into the persistent phase one haplogroup becomes 

dominant (Fish et al. 2020). Within the same study, Fish et al. (2020) could prove that distinct 

regions of the capsid surface of serotype A are subjected to a positive selection pressure dur-

ing persistence. The still replicating persistent virus might be the source for interserotypic re-

combination after an acute superinfection with a heterologous serotype as Arzt et al. (2021) 

showed. The natural release of such interserotypic recombinants from persistently infected 

animals has not been documented yet, while many interserotypic strains have been isolated 

from field outbreaks and pose a significant risk to the efficacy of vaccines (Jamal et al. 2020). 
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5. Immune response and vaccination 

The establishment and eventual clearance of FMDV infection is an ever-evolving battle arms 

race between the host ‘s immune response and viral immune evasion mechanisms. The dura-

tion of the acute phase in naïve cattle represents the time span the adaptive immune system 

requires to elicit an efficient response following the first contact with an unknown pathogen. 

The clearance of viremia in acutely infected cattle, which signifies the end of the acute phase, 

is largely facilitated by the fast onset of neutralizing antibodies, IgM followed by IgG (Esch-

baumer et al. 2016a). This rapid and efficient humoral response is independent of T lympho-

cytes as it has been demonstrated by the depletion of CD4+, CD8+ and γ/δ T cells which had 

no effect on the generation of neutralizing antibodies and isotype switching (Juleff et al. 2009). 

An immunosuppression accompanied by a transient lymphopenia during the acute phase of 

FMDV infection in swine (Díaz-San Segundo et al. 2009) could not be corroborated in cattle by 

Windsor et al. (2011). But more recent investigations did indeed observe a short lymphopenic 

phase in cattle during peak viremia accompanied by a downregulation of antigen-presenting 

MHC II in dendritic cells and monocytes (Sei et al. 2016). Evidence for a deficiency of natural 

killer (NK) cells in swine during the acute phase has been brought up (Toka et al. 2009), but 

this could not be shown in cattle (Patch et al. 2014). A difference in the immunological re-

sponse between pigs and cattle can be observed considering the IFN and cytokine response 

as well. In pigs, high levels of type I IFN and interleukin (IL) 10 can be detected (Nfon et al. 

2010; Díaz-San Segundo et al. 2009) and inoculation with a type I IFN expressing vector even 

protects swine from challenge (Dias et al. 2011), suggesting an important function in the clear-

ance of FMDV in swine for these cytokines. Cattle on the other hand show comparably low 

levels of IFN type I and IL-10 pointing to a different role of these cytokines in cattle (Windsor 

et al. 2011).  

Type I IFNs are part of the innate immune response and act as a first-line defense by exerting 

proinflammatory signaling and promoting the antiviral response by activating cells of the in-

nate and adaptive immunity (Snell et al. 2017). FMDV on the other hand as developed several 

mechanisms to counteract the innate immune response (reviewed in Sarry et al. 2022). In the 

initial phase of IFN signaling, viral RNA in the infected cells is detected by toll-like receptors 

(TLRs) or retinoic acid-inducible gene-I (RIG-I) like receptors (RLRs). This recognition evokes a 
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downstream cascade involving the recruitment of several signaling adapters resulting in the 

phosphorylation of interferon regulatory factors (IRFs). These IRFs translocate into the nucleus 

in combination with NFκB, where they stimulate the expression of proinflammatory cytokines 

and the interferons type I, II and III (Negishi et al. 2018). These IFNs then further activate the 

JAK-STAT-pathway resulting in the expression of interferon-stimulated genes (ISGs), which ex-

ert antiviral functions targeting important steps of the viral replicative cycle (Schoggins 2019). 

Diverse steps of the IFN signaling pathway are targeted by FMDV. The main proteins exerting 

inhibitory functions are the viral proteinases Lpro and 3C, by cleavage of a plethora of signaling 

proteins (Sarry et al. 2022). In addition to its proteinase function, Lpro can deubiquitinate sig-

naling proteins, thereby deactivating them (Wang et al. 2011). Other proteins of FMDV inhibit 

interferon signaling by regulatory binding and reducing the mRNA expression level of signaling 

peptides as it was demonstrated for 3A, which downregulates the expression of RIG-I and 

MDA5 (Li et al. 2016a). The innate immune response is not only counteracted by non-struc-

tural proteins. Also structural proteins such as VP1 and VP3 have been shown to promote viral 

replication by interacting with receptors and signaling transmitters, blocking the downstream 

signaling (Li et al. 2016b). This diverse set of mechanisms to counteract the innate immune 

response orchestrated mainly by IFN type I allows FMDV to replicate efficiently. 

During persistent infection, the fine balance between viral replication and the immune re-

sponse is skewed, because replicative virus is still present in an otherwise immune host. The 

strong antibody response which terminates acute infection is not capable of clearing FMDV 

from the epithelia of the nasopharynx (Alexandersen et al. 2002), even though carrier animals 

show elevated levels of IgA in nasal fluid and saliva which can be used as a diagnostic param-

eter for the identification of carrier animals on a herd level (Biswal et al. 2021). This prolonged 

stimulation of mucosal antibodies might be due to the presence of virus in the lymphoid mu-

cosa, where IgA is mainly synthesized (Suzuki et al. 2010). Immune evasion of the virus by 

antigenic variation is still discussed, while testing the neutralizing efficiency of serum from 

early phase against virus isolation the persistent phase and vice versa showed no difference 

in cattle (Horsington and Zhang 2007b) or in buffalos (Cortey et al. 2019). On the other hand, 

(Gebauer et al. 1988) demonstrated that isolates from carriers did differ from their parental 

strain when tested against a panel of monoclonal antibodies. In vivo clearance of virus from 

the nasopharynx during the transitional phase was associated with a higher abundance of 
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CD3+ and CD8+ T cells whose cytotoxic response likely contributed significantly to the clearance 

of virus after the acute phase. The same study used microarray analysis of laser-capture micro-

dissected tissue to quantify the differential expression between carriers and animals which 

could clear the infection. The results indicated an enhanced activation of the cell-mediated, 

cytotoxic immune response (Stenfeldt et al. 2017). Further microarray studies from the same 

laboratory carried out with tissues from persistently infected animals showed that in carrier 

animals the chemotactic activity for the recruitment of immunocompetent cells is reduced, 

the activity of cytotoxic NK cells and macrophages is inhibited, the apoptosis of cells is sup-

pressed and the Th17 activity is downregulated (Zhu et al. 2020, 2022). These studies suggest 

an inability of the local immune system of the mucosa to clear infected cells. 

The currently used vaccines against FMDV, which are made from BEI-inactivated FMDV anti-

gen cultured on BHK-21 cells, protect against homologous challenge infection but provide pro-

tective immunity only for about 6 months (Parida 2009). In contrast to recovered animals, 

vaccination does not prevent primary replication in the nasopharynx and during subclinical 

infection of vaccinated cattle virus can be shed (McVicar and Sutmoller 1976). Neither do cur-

rent vaccine options prevent cattle from becoming persistently infected after subclinical 

FMDV infection, from which they are clinically indistinguishable. In vaccinated cattle, no sys-

temic spread is observed and the virus remains at the location of primary replication through-

out the infection and, in some animals, until the persistent phase. Viral loads in the oropha-

ryngeal fluid however can be reduced by an increased vaccine dose (Stenfeldt et al. 2016a).  

The current tests of vaccination efficacy do not consider the potential of vaccines in preventing 

persistent infection. The standard intraepidermolingual challenge is unable to reproduce the 

natural infection to the extent which is required for persistent infection (Stenfeldt and Arzt 

2020).  

Whether vaccination has an influence on the carrier state and several other immunological 

aspects of the persistent FMDV infection will be furthermore discussed in the next chapter in 

consideration of our findings. 
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III. Objectives 

Since the first description of persistently FMDV-infected animals by Jaap van Bekkum in the 

1950s scientists have tried to elucidate the pathogenesis and localization of the persistent 

infection in ruminants. But fundamental questions such as what determines whether an ani-

mal will remain persistently infected and how the virus is able to maintain active replication 

in an immune host are still unanswered. The present work focuses on improving the under-

standing of the interplay between the virus and its host that allows FMDV to persist in phar-

yngeal epithelia. 

Objective I: Influence of FMDV on the host 

Publication I & II 

In vitro studies have demonstrated that FMDVs viral proteins exert a plethora of func-

tions aiming to inhibit the innate immune response. Documentation of the effects of 

these proteins in vivo is scarce, especially in context of the persistent infection. We 

characterized the influences of FMDV on persistently infected tissue on the level of 

gene and protein expression, with a special focus on the leader protein Lpro. Addition-

ally, the ability of Lpro to establish a persistent infection in cattle of a FMDV strain lack-

ing coding sequence Lpro was tested. 

Objective II: Influence of the host on the viral evolution 

Publication III 

A connection between the occurrence of persistently infected animals and the factors 

in the viral genome was suggested by several studies. By sequencing viral RNA from 

oropharyngeal fluid of persistently infected animals the mutational pattern was ob-

served over the period from acute to persistent phase of infection. A functional analy-

sis was performed with individual emerging mutations to characterize the advantages 

conferred by these variants and if these changes were induced by the host immune 

response. 
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IV. Results 
 

Publications are presented in an order, as mentioned in the related “study objectives” ‐sec-

tion. Figure and table numbering refer to the original paper and references are presented 

in the respective journal style and do not appear in the reference section of this document. 
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1. Publication I: Leaderless foot-and-mouth disease virus serotype O is fully attenuated 

and unable to establish persistent infection in cattle 
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2. Publication II: Persistent foot-and-mouth disease virus infection in the bo-

vine nasopharynx is associated with suppression of innate and cellular im-

munity  
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Persistent foot-and-mouth disease virus infection in the bovine nasopharynx is asso-

ciated with suppression of innate and cellular immunity 
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3. Publication III: Distinct mutations emerge in the genome of serotype O 

foot-and-mouth disease virus during persistence in cattle 
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V. Discussion 

Acute FMD with its fulminant clinical signs and highly infectious lesions is caused by the (fleet-

ing) triumph of the virus over the host’s innate immune system. Only the onset of the adaptive 

immune response, particularly the appearance of neutralizing antibodies, is able to resolve 

the acute phase of the infection. During the persistent phase, however, virus is still present 

despite an immune reaction which was capable of clearing the infection from the rest of the 

body, but is unable to remove FMDV from the epithelia of the nasopharynx. 

Many viruses have found ways to maintain a productive viral replication even after they have 

been recognized by the host’s immune defenses. However, the mechanisms they are using 

are as diverse as the viruses itself. For persistent FMDV infection, a conclusive mechanism has 

not yet been postulated. This thesis aims to uncover the virus-host interactions that allow 

FMDV to sustain a productive infection in the nasopharynx of cattle. Herein, I describe the 

influence of the virus on the host and the infected tissues with a focus on the role of the Leader 

proteinase Lpro and the adaptation of FMDV to the host environment through genomic evolu-

tion. 

Objective I: Influence of FMDV on the host 

Publications I & II 

The twelve proteins encoded by the genomic RNA of FMDV utilize a plethora of mechanisms 

counteracting the triggered innate immune response and inhibiting the IFN activation (Sarry 

et al. 2022). In the present publications I & II, we aimed to characterize the viral properties 

that are essential for the establishment of a persistent infection. Publication I focused on the 

non-structural Leader protein Lpro. Our results showed that FMDV lacking Lpro can actively rep-

licate in cell culture with a noticeable growth inhibition relative to wildtype virus in IFN-com-

petent cell lines. But in vivo, leaderless FMDV is even more strongly attenuated and could 

establish neither an acute nor a persistent infection. The Leader protein is therefore an essen-

tial protein for FMDV to productively infect animals. Whether the deletion of Lpro prevented 

the primary infection completely or just suppressed the acute phase and in consequence 

thereof blocked the development of a persistent infection could not be determined in detail 
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in our study. An acute clinical phase, however, is not necessary for persistence as vaccinated 

animals which are clinically protected from FMD can develop a persistent infection as well. 

This is shown in publication II, where four of six vaccinated and challenged animals, which 

were all clinically protected nevertheless, remained persistently infected until the end of the 

study. The primary infection of the nasopharynx, on the other hand, is probably required for 

persistence since inoculation methods such as the intraepidermolingual or intramuscular in-

fection, which bypass primary infection in the nasopharynx, do not recreate natural infection 

properly and the incidence of persistence is decreased (Sutmoller et al. 1968; Stenfeldt and 

Arzt 2020). But as described in publication I, in contrast to the wildtype-infected group, we did 

not detect viral RNA or infectious virus in animals infected with the leaderless FMDV and eu-

thanized 24 hours later. Even in vitro, the ability of leaderless FMDV to productively infect a 

cell line decreases the closer the cellular phenotype is to the natural host, as it was previously 

demonstrated with a leaderless mutant of FMDV strain O1 Kaufbeuren. It showed good repli-

cation in highly altered BHK-21 cells, but infection was blocked in primary bovine thyroid cells 

(Belsham 2013). The Leader protein Lpro is a potent inhibitor of the type I IFN response and is 

involved early on in the host cell shut-off (Chinsangaram et al. 2001; Belsham et al. 2000). The 

severe impairment of the virus caused by its deletion suggests that even though other proteins 

of FMDV can also counteract the innate immune response, these mechanisms by themselves 

are insufficient or too slow to allow effective replication and the establishment of infection. 

In the case of leaderless FMDV, the innate immune response outweighs the viral counter 

mechanisms and prevents viral replication.  

We documented some of the effects exerted by Lpro in vivo on the transcriptome level, where 

Lpro targets IFN-regulating factors as well as important IFN signaling transmitters of which 

some are downregulated in FMDV-infected tissue, suppressing an effective type I IFN response 

(see publication II). Targeting the receptors sensing viral RNA and their signaling pathways is 

a widely used strategy to antagonize the type I IFN response also employed by hepatitis C 

virus, another RNA virus with a single-stranded positive RNA genome that can cause chronic 

hepatitis (Chigbu et al. 2019). Meanwhile, IFN-γ expression is less affected by FMDV, a bias 

that is also observed in chronic infections with human or simian immunodeficiency viruses 

(HIV/SIV). During the acute phase of HIV/SIV infection, both IFN-α/β and IFN-γ responses are 

activated, but during chronic infection the IFN-α/β activity is often below the limit of detection 
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while IFN-γ is still expressed by activated T cells and NK cells (Echebli et al. 2018). An activated 

IFN-γ response in persistently BVDV-infected fetuses can limit viremia independently from the 

adaptive immune response. The increased IFN-γ response usually functions as a bridge be-

tween innate and adaptive immune responses, but due to the early infection timepoint BVDV 

encounters an undeveloped immune system and infected fetuses are unable to mount an ef-

ficient adaptive immune response (Smirnova et al. 2014). Similar to BVDV, only inhibiting the 

IFN response is not enough to sustain a persistent FMDV infection, the adaptive immune sys-

tem has to be suppressed as well. 

A closer look at the progression of persistent BVDV infections leads to another important as-

pect of viral persistence. BVDV occurs in two biotypes: cytopathic and non-cytopathic. Only 

non-cytopathic strains are capable of producing persistently infected calves when infecting 

pregnant cows between the second and fourth month of gestation (Peterhans et al. 2010). 

The non-cytolytic phenotype is a pivotal requirement for the establishment of viral persis-

tence. While some persistent viruses, such as lymphocytic choriomeningitis virus, are inher-

ently non-cytopathic, other viruses can switch from cytopathic to non-cytopathic replication 

like Epstein-Barr virus (Flint et al. 2020). For FMDV, this would also mean a change in pheno-

type, from a cytolytic virus in the acute phase to a non-cytolytic infection during persistence. 

In immunofluorescence analyses of tissues from persistently FMDV-infected cattle, which 

were superinfected with a heterologous virus, Stenfeldt et al. (2023) showed that the locali-

zation of FMDV infection at 48 hpi and during the persistent phase is similar. But virus from 

the acute phase was colocalized more often with epithelial erosions while persistent virus was 

found in the superficial layer of intact epithelia. Whether the erosions from the acute phase 

were caused by the virus or preexisting lesions have enhanced the susceptibility of the epithe-

lia for infection could not be determined, but nevertheless this suggests a change in the phe-

notype of FMDV, limiting its cytopathogenicity during persistent infection. In vitro experi-

ments aiming to produce persistently FMDV-infected cell lines demonstrated that in MDBK 

cells, a bovine epithelial cell line, a subset of cells is infected but no cell lysis occurs, in contrast 

to the surrounding cells. The remaining MDBK cells are then again able to regrow into a con-

fluent monolayer, creating a stable persistently FMDV-infected cell line (Kopliku et al. 2015). 

Similarly, in a primary culture of epithelial dorsal soft palate cells, which are the preferential 

localization of FMDV persistence, maintained at an air-liquid interface (DSP-ALI), epithelial 
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cells expressing integrin αVβ6 were susceptible to cell lysis, while the remaining cells, which 

were infected but did not show cytopathic effect, expressed vimentin but not integrin αVβ6 

(Hägglund et al. 2020). This is corroborated by findings of O'Donnell et al. (2014) who showed 

that the epithelial character of persistently FMDV infected cells derived from the bovine phar-

ynx decreases with increasing passage number and that a majority of cells in the persistently 

FMDV-infected culture are of non-epithelial origin, expressing vimentin but not cytokeratin or 

integrin αVβ6. The increasing expression of vimentin can be caused by repeated cell passage 

inducing an epithelial-mesenchymal transition in epithelial cells (Hägglund et al. 2020). How-

ever, in epithelia, especially in lymphatic epithelia like the FAE of the MALT in the nasophar-

ynx, the expression of vimentin is indicative of microfold cells (M-cells) (Tahoun et al. 2011). 

M-cells constitute a minor proportion of the cells of the FAE, but play an important role by 

sampling antigens from the lumen and transmitting them to the immune cells of the MALT 

beneath (Oya et al. 2021). The presence of M-cells in the FAE of the bovine nasopharynx may 

also be relevant for changes of host cell tropism since the FAE is the preferred micro-localiza-

tion for persistent FMDV infection (Stenfeldt et al. 2018). Overall, this suggests a higher re-

sistance against virus-induced cell lysis in a subset of cells in the FAE, which is constituted of 

cells of non-epithelial origin, including M-cells. 

Normally, in FMDV-infected cells, virus-induced cell death can be prevented by an inhibition 

of apoptosis which has been observed in vitro and in vivo. One viral protein which can directly 

inhibit apoptosis is the Leader proteinase Lpro. It suppresses apoptosis by targeting RNase L, 

whose expression is triggered by viral dsRNA and leads to the degradation of host RNA and 

ultimately cell death (Sui et al. 2021). The tissue susceptible to persistent FMDV infection itself 

may also be a determining factor in reducing cell death, as it shows a higher expression of 

anti-apoptotic survivin and fewer death receptor signaling genes, suggesting a physiologically 

impeded apoptosis in uninfected tissue (Zhu et al. 2013). In vitro in the persistently FMDV-

infected DSP-ALI model described above, the pro-apoptotic response of the acute phase was 

reduced during the persistent phase of FMDV infection (Pfaff et al. 2019). In vivo, Eschbaumer 

et al. could show by a microarray analysis of differentially expressed genes that fewer death 

receptors were expressed in carriers compared to non-carriers, and anti-apoptotic genes, such 

as BIRC3 and BCL2, were upregulated in persistently infected animals. This was corroborated 

in part by our transcriptomic study using RNA-seq, especially by the observed overexpression 
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of the anti-apoptotic genes SpiB and BCL2. Here, SpiB is of special interest since its overex-

pression has been demonstrated to enhance resistance against anoikis or detachment-in-

duced cell death (Zhang et al. 2020a). Anoikis likely occurs in FMDV-infected tissue, where the 

majority of cells undergoes lysis and only a subset of cells remains intact but loses connections 

to surrounding cells, as described above for the persistently infected cell lines. And to pick up 

the hypothesis from before, SpiB is expressed in M-cells and encodes proteins involved in the 

uptake of antigens (Oya et al. 2021). M-cells would probably be susceptible to FMDV infection, 

since they express at least the integrin subunits αV and β3 (Secott et al. 2004) but it is un-

known if they are permissive. To our knowledge, no study has shown an FMDV infection of M-

cells yet. During primary and acute infection of pigs, Stenfeldt et al. (2014b) did observe M-

cells not to colocalize with FMDV antigen in porcine tonsils. Another interesting aspect of the 

possibly suppressed apoptosis in persistently FMDV-infected cattle is the upregulation of BCL2 

found in our study as well in the microarray study of Eschbaumer et al. (2016b). BCL2 has been 

associated with persistence of Epstein-Barr virus (Astorga-Gamaza et al. 2022) (EBV; Lympho-

cryptovirus humangamma4) and with Sindbis virus infection. In persistent EBV infection, a vi-

ral homologue of BCL2, called BHRF1, suppresses apoptosis in infected B cells and enables EBV 

to persists in these cells (Henderson et al. 1993). Sindbis virus is even able to increase BCL2 

expression in persistently infected cell lines, but here the virulence of the strain is pivotal as 

only the non-virulent strains induce persistence while the virulent strains provoke apoptosis 

(Appel et al. 2000).  

That the virulence of a virus strain is correlated to the ability to establish persistent infection 

was also suggested for FMDV in its wildlife reservoir the African buffalo, but with an inverse 

relationship. In a coinfection study in which buffalo were simultaneously co-infected with 

strains of the three SAT serotypes, all strains were able to persistently infect animals, but SAT1 

outcompeted the other two serotypes in terms of carrier incidence and duration of persis-

tence. This phenotype was correlated with a higher cell killing capacity in an in vitro coinfec-

tion of ZZ-R cells (Maree et al. 2016). Using the same FMDV strains in single-serotype infec-

tions of buffalo, it was demonstrated that this SAT1 strain had a higher probability of persis-

tently infecting animals and in addition there was a higher chance of viral transmission during 

the persistent phase of infection. This enables SAT1 to remain endemic in buffalo populations, 

where it would go extinct if only acute-phase transmission were to occur (Jolles et al. 2021). 
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Whether this is serotype-specific or strain-specific cannot be determined by these studies, but 

it shows a correlation between virulence and the ability to cause persistent FMDV infection. 

The high cell-killing capacity of SAT1, which can persist at higher rates in buffalo, is diametri-

cally opposed to the described suppression of apoptosis in tissues persistently infected with 

the nonvirulent Sindbis virus strain. The cell killing assays for SAT1 have been performed with 

an immortalized culture of ZZ-R cells, stemming from goat tongue epithelium. It is a highly 

FMDV-sensitive cell line (Fukai et al. 2015), but originates from a tissue which is strongly af-

fected by FMD lesions caused by cytolytic replication during the acute phase. The cultivation 

of virus on a cell line highly susceptible to cell lysis may explain the apparent contradiction. A 

repetition of the cell killing assay with primary cells from pharyngeal epithelia or an in vivo 

comparison of the infection kinetics in the pharynx between these strains would be insightful. 

It could be hypothesized that more virulent FMDV strains are more capable to induce persis-

tence due to a higher expression of immunomodulatory viral proteins.  

If there is no cell lysis during the persistent phase of FMDV infection, how can replicative virus 

be recovered from animals ex vivo? This is explained by the sampling methods used for the 

detection of carriers, which collect saliva and mucus as well as superficial tissue. The probang 

cup with its sharp metal edges scrapes off superficial epithelial cells from a region spanning 

from the esophagus to the pharynx (Sutmoller and Gaggero 1965). In buffalo, cytology brushes 

capture more cellular material yielding higher viral RNA amounts than the probang, especially 

from the palatine tonsils (Maree et al. 2016). Both sampling methods can recover cell-associ-

ated persistent virus, but whether natural transmission from carrier buffalo is cell-associated 

as well remains unknown. Non-enveloped viruses like FMDV usually depend on cell lysis for 

the release of viral particles. But in related picornaviruses non-cytolytic spread has been ob-

served as well. Poliovirus can be released from the apical surface of epithelial cells in the in-

testine into the lumen and hepatitis A virus is released from intact cells in exosomes (Bird and 

Kirkegaard 2015).  

A reshaping of the infected tissue itself favoring viral replication is another method exploited 

by viruses to extend an infection. During papillomavirus infection, viral DNA is maintained at 

low levels in the basal layers of infected keratinizing epithelium. With progressing differentia-

tion of infected keratinocytes, the translation of viral proteins is enhanced until the newly 
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assembled viral particles are released with desquamated keratinocytes of the superficial layer. 

This creates a sequestered compartment containing the antigenic proteins. Papillomavirus 

promotes this process by accelerating epithelial differentiation and inhibiting apoptosis at the 

same time, resulting in hyperproliferative epithelia (Kajitani et al. 2012). A similar distribution 

of viral genome in basal layers of the epithelium was also observed in persistently FMDV in-

fected tissues as described in publication I and others (Alexandersen et al. 2002; Prato Murphy 

et al. 1999), while antigenic viral structural proteins are most commonly found in superficial 

layers (Stenfeldt et al. 2018). But in contrast to papillomavirus, the preferential microanatomic 

localization of persistent FMDV, the FAE, is a non-keratinizing epithelium, in which cuboidal 

epithelial cells are disorganized and interspersed with immune cells (Meek et al. 2022). This 

phenotype of epithelial tissue of the FAE is also described in our transcriptomic analysis in 

publication II, where we saw a reduction of components of the extracellular matrix and a re-

duced cell-to-cell interaction. Even though FMDV might not actively reshape its infected tissue 

like papillomavirus, it can benefit from the loose epithelial structure of the FAE, as integrin 

receptors, which allow cell entry of FMDV and cell-to-cell attachment at the same time, are 

increasingly available in detached epithelial cells (Zhu et al. 2013). 

The mucosal epithelia of the FAE could further support FMDV infection by a physiologically 

reduced immune response, like in tissues persistently infected with Ebola virus. After the 

acute hemorrhagic phase of Ebola virus disease, the virus retreats into tissues that are seques-

tered from the blood and thus from the immune response by a blood-tissue barrier like the 

brain, eye or testes. In these tissues, Ebola virus can persist and in the case of infected testes 

even be transmitted via seminal fluid (Schindell et al. 2018). These sites with limited accessi-

bility for the immune response have historically been regarded as immunoprivileged sites. 

More recently, tissues such as hair follicles or mucosa have been included in this circle as well 

(Forrester et al. 2008). In mucosal immunity, a crucial role in tolerating foreign pathogens is 

likely conferred on a subset of T cells with a suppressive function, which showed the highest 

change in cell count after the exposition of MALT to antigen (Gormley et al. 1998). This is in 

accordance with our findings from the transcriptomic study, which suggest activation of reg-

ulatory T cells and an immunosuppressive milieu promoting T-cell exhaustion and rendering 

cytotoxic T cells unable to clear infected cells. This is further supported by other studies of 

differential gene expression using microarrays (Eschbaumer et al. 2016b; Zhu et al. 2020, 
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2022). In physiological, i.e. uninfected, mucosal epithelium from the bovine pharynx, the dis-

tribution of different subsets of T cells could prime the FAE for a non-functional T-cell re-

sponse. While cytotoxic CD8+ T cells are more common in the surrounding epithelium than in 

the lymphatic FAE itself, the majority of γ/δ T cells in the MALT of the nasopharynx are located 

in the epithelium (Meek et al. 2022). In ruminants, this subset of γ/δ T cells constitutes a large 

proportion of mononuclear lymphocytes and can exert regulatory functions on CD4+ and CD8+ 

T cells (Guzman et al. 2014). Especially for FMDV, the presence of γ/δ T cells can be an ad-

vantage as the depletion of γ/δ T cells resulted in shorter viremia than the depletion of CD4+ 

and CD8+ T cells (Juleff et al. 2009). T-cell exhaustion can be induced by a prolonged viral pres-

ence in the FAE of persistently FMDV-infected animals, but infected tissue itself can enhance 

this immunosuppressive milieu by the strong physiological presence of suppressive regulatory 

T cells. 

The susceptibility of epithelia of the nasopharynx to persistent FMDV infection is likely deter-

mined by two crucial factors. On the one hand, viral influence, mainly facilitated by Lpro, coun-

teracts the innate immune system and induces an anti-apoptotic state, at least in a subset of 

infected cells. On the other hand, the virus encounters a mucosal epithelium specialized in the 

sampling and presentation of antigens, a process which would be hindered by an overshooting 

immune reaction. Therefore, the lymphatic mucosa of the nasopharynx can be characterized 

as an immunoprivileged site, whose immunosuppressive and anti-apoptotic character is then 

enhanced by the viral mechanisms. 

Objective II: Influences of the host on the viral evolution 

Publication III 

The evolution of FMDV does not stop during the persistent phase of infection. We detected a 

clear correlation between the progression of infection and the emergence of two virus vari-

ants, VP2 Y79C and VP3 A75T. These amino acid changes on the surface of the capsid have 

already been described in persistently infected animals in two other studies using a closely 

related FMDV strain (Horsington and Zhang 2007b; Parthiban et al. 2015) and they did not 

occur during acute-phase transmission during the FMD epizootic in the UK in 2001, from which 
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our strain originated (Cottam et al. 2006). However, the functional implications of these amino 

acid changes could not be determined in our study. 

Another amino acid change which rose to dominance in our data set was VP3 R56C. An argi-

nine at this well-characterized residue facilitates heparan sulfate binding and is an indication 

of virus adaptation to cell culture. The change back to cysteine was previously found to be 

associated with a reversion to pathogenicity in vivo (Borca et al. 2012). In our study, this amino 

acid change was likely induced by the prior animal passage of the inoculum and its dominance 

was manifested early in the acute phase. Thus, this variant is more relevant for the early stage 

of infection than for the establishment of persistence. Nevertheless, as already mentioned 

above, the virulence of SAT strains of FMDV was associated with a higher prevalence of per-

sistently infected African buffalo and a higher likelihood for transmission of virus during per-

sistence (Jolles et al. 2021; Maree et al. 2016). This hypothesis of higher carrier incidence 

caused by more virulent strains may explain the different incidence of persistent infection 

observed in the two animal trials included in this work. The virus used in the vaccination trial 

had been adapted to cattle. It had originally been plaque purified-twice, but then passaged 

once in a cow infected by intradermolingual inoculation. The inoculum for the vaccination trial 

was then prepared from vesicular material from this animal and it already contained VP3 R56C 

at over 20% frequency. This cattle-adapted virus caused a carrier incidence of 85%, i.e. 18 out 

of 20 cattle. The virus used in the infection study, on the other hand, had been rescued from 

an infectious clone built using the consensus sequence of the other inoculum, which has an 

arginine at position 56 of VP3. It was then passaged twice on BHK-21 cells and its consensus 

sequence was verified by Sanger sequencing. No deep-sequence data for this inoculum is 

available, but it can be assumed that it is virtually 100% VP3 56R. Using this culture-adapted 

virus, a carrier incidence of only 33%, i.e. 2 out of 6 cattle, was achieved. Even though the 

confidence intervals of both estimates are overlapping at the margin, this difference should 

not be neglected. In similar studies, where a bovine-derived FMDV strain was used as an inoc-

ulum, high carrier incidences (78% and 80%) were achieved as well (Stenfeldt et al. 2016a). 

This is further supported by findings of the initial study that validated the intranasopharyngeal 

inoculation route for cattle with three different serotypes. The greatest difference between 

needle, contact and intranasopharyngeal infection was observed in animals infected with an 

infectious clone of FMDV A24. After intranasopharyngeal inoculation, the culture-adapted 
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virus showed milder clinical disease and less synchronous infection dynamics compared to the 

two other methods. The two other virus strains used in the study, O1 Manisa and Asia-1 Sha-

mir, were animal-derived and did not show such disparities between the inoculation methods 

(Pacheco et al. 2016). Thus, intranasopharyngeal inoculation with a culture-adapted strain 

might not be an adequate inoculation method, therefore the infection trial included in publi-

cation I could be repeated with two animal-adapted strains to obtain results that are more 

applicable to natural infection. 

Regarding the less well-characterized amino acid changes, which we assume to be associated 

with FMDV persistence, the functional properties conferred by them could not be fully eluci-

dated in our study. Even though the changed amino acids are located on the capsid surface, 

constituting antigenic sites or at least in close vicinity to such, we did not observe a difference 

in susceptibility to neutralizing antibodies compared to the inoculum. This corroborates find-

ings in persistently infected buffalo (Cortey et al. 2019). Using a set of monoclonal antibodies, 

Gebauer et al. (1988) did observe a decreased reactivity of two isolates from the persistent 

phase, but Salt (1993) could not reproduce their findings. While the neutralizing antibody re-

sponse is the driving factor in the clearance of acute-phase virus from the body, increased 

presence of cytotoxic CD8+ T cell in infected epithelia of the pharynx has been associated with 

the clearance of virus in the transitional phase (Stenfeldt et al. 2017). The hypothesized im-

mune evasion conferred by these single nucleotide mutations could therefore also be based 

on bypassing the cytotoxic T cell response by altering T cell epitopes like it has been docu-

mented for HIV and persistent hepatitis C virus infection (Dazert et al. 2009). Interestingly, 

both amino acid changes observed in our study are located in or close to known cytotoxic T 

cell epitopes and show binding affinity to bovine MHC II molecules (Haghparast et al. 2000). 

However, it is unknown whether an amino acid change in this epitope is sufficient to evade 

the cytotoxic T cell response or if a distinct genomic haplotype of MHC II is responsible for 

some animals to become carriers. 

Alternatively, instead of an immune evasion by altering antigenic epitopes, persistent virus 

could have undergone a change in host cell tropism caused by a different receptor binding 

capacity. This is supported by the findings of Hägglund et al. (2020) and O'Donnell et al. (2014), 

as already mentioned above, who showed that persistently infected cells in vitro, which are 
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resistant to virus-induced lysis, are not of epithelial origin and do not express αVβ6 integrin. 

In our study, we could not find any evidence for an extended receptor binding capacity of 

viruses isolated from persistently infected animals, but persistent virus isolates were no longer 

able to bind to heparan sulfate, unlike the inoculum. We furthermore observed the amino 

acid change VP2 Y79C to confer an advantage in infecting IB-RS-2 cells predominantly express-

ing αVβ8 integrin (King et al. 2011). The integrins αVβ6 and αVβ8 are both expressed by epi-

thelial cells, but only αVβ8 is also expressed in several immune cells which can be found in the 

FAE, such as regulatory T cells, dendritic cells and macrophages (McCarty 2020). Even though 

some of these cells may be susceptible due to their expression of FMDV receptors (Salt 1993; 

Robinson et al. 2011), during FMDV persistence in vivo these immune cells are found adjacent 

to cells positive for FMDV antigens but are not positive themselves (Stenfeldt et al. 2016a). 

Another non-epithelial cell expressing integrins that FMDV can utilize for cell entry which is 

present in the FAE is the M-cell, as already discussed above.  

The findings of our and similar studies are limited to a retrospective analysis of mutational 

changes in the genome of FMDV. The prospective approach by generating a virus containing 

an amino acid change hypothetically associated with persistence, for example VP2 Y79C, 

which may achieve a higher carrier incidence, has not been performed yet. To achieve statis-

tical significance such a study would require high animal numbers, which is not just a matter 

of resources but also a question of animal welfare.  
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VI. Summary  

As foot-and-mouth disease is one of the most feared diseases of livestock, stringent re-

strictions are imposed on free countries after outbreaks of the virus. Rigorous culling of sus-

ceptible animals and huge economic losses in the agricultural sector are the consequence. The 

reliable prevention of persistent FMDV infection, which can occur even in vaccinated animals, 

would support the quick recovery of FMDV-free status granted by the WOAH without the in-

discriminate culling of vaccinated animals. Still, our knowledge of the mechanisms which allow 

FMDV to remain in otherwise immune hosts is scarce. This thesis aims to better characterize 

the fine balance between the virus and the infected tissue, their influence on each other and 

which viral properties are required for the establishment of a persistent infection. 

We could demonstrate the essential role of the Leader protein Lpro for the acute and persistent 

infection in vivo. Cattle that were inoculated with a FMDV strain lacking the Lpro coding se-

quence did not show any clinical signs of FMD, supporting the strongly attenuated nature of 

leaderless FMDV. Furthermore, no virus was detected in the animals during the presumed 

phase of persistent infection, neither in oropharyngeal fluid nor in tissues collected at nec-

ropsy. This effective clearance of leaderless FMDV demonstrates that the virus is not able to 

outcompete the host immune response without Lpro. 

Besides Lpro, other viral proteins also exert functions counteracting the innate immune re-

sponse. In our study, which assessed the transcriptome and proteome of tissues from persis-

tently infected animals, we documented some of these effects for the first time in vivo. With 

state-of-the-art analytical approaches, which have never before been applied to tissues from 

persistently FMDV-infected animals, we could observe a downregulation of receptors sensing 

viral RNA and an inhibition of interferon signaling, which we attributed to the immune inhibi-

tory functions of FMDV mainly exerted by Lpro and 3A. Overall, infected tissue showed a dif-

ferent cellular phenotype which we could ascribe to the predominance of follicle-associated 

epithelium (FAE) and its gene expression patterns indicate a suppression of apoptosis and an 

insufficient T-cell response.  

Our collection of whole-ORF FMDV sequences from persistently infected animals is the biggest 

set of samples ever analysed in this context. This large dataset revealed an emergence of 
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amino acid changes at the residues VP3 75 and VP2 79 with ongoing infection. Both have been 

previously associated with persistent FMDV infection in serotype O. The functional analysis 

we performed showed no evidence for a different susceptibility of persistent isolates to neu-

tralizing antibodies, but indicated an enhancement of their binding capacity for integrin αVβ8. 

Overall, our findings support the hypothesis that at least in serotype O FMDV there is a per-

sistence-associated genotype with point mutations that are unique to the persistent infection.  

Conclusively, when FMDV first invades the host, it encounters the FAE in the nasopharynx, 

where primary infection takes place and from where it spreads systemically. FMDV can remain 

here over months as a persistent infection. In this specialized tissue, an impaired innate im-

mune response and restricted apoptosis is observed after prolonged FMDV infection, which is 

partly promoted by the virus, but to which this specific epithelium also seems to be particu-

larly susceptible. The persistent FMDV infection of this tissue likely benefits from both factors, 

virally induced immunosuppression and host-specific physiological immune tolerance. 
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VII. Zusammenfassung 

Da die Maul- und Klauenseuche (MKS) zu den gefürchtetsten Erkrankungen landwirtschaftli-

cher Nutztiere gehört, werden MKS-freien Ländern nach Wiedereinschleppung der Seuche 

strenge Beschränkungen auferlegt. Das rigorose Keulen empfänglicher Tiere und enorme wirt-

schaftliche Verluste im Agrarsektor sind die Folge. Das zuverlässige Verhindern der persisten-

ten MKSV-Infektion, die selbst nach einer Impfung gegen MKS auftreten kann, würde ein ra-

sches Wiedererlangen des von der WOAH gewährten Status der MKS-Freiheit ohne die mas-

senhafte Keulung geimpfter Tiere erleichtern. Dennoch ist unser Wissen über die Mechanis-

men, die es MKSV ermöglichen, in ansonst immunen Wirtstieren zu verbleiben, bis heute ein-

geschränkt. Die vorliegende kumulative Doktorarbeit befasst sich mit der feinen Balance zwi-

schen dem Virus und seinem Wirt. Sie zielt darauf ab, den gegenseitigen Einfluss zu beschrei-

ben und die viralen Eigenschaften zu benennen, die für die Etablierung einer persistenten In-

fektion essentiell sind. 

Wir konnten die wesentliche Rolle des Leader-Proteins Lpro für die akute und persistente In-

fektion in vivo nachweisen. Rinder, die mit einem MKS-Virus infiziert wurden, dem die kodie-

rende Sequenz für Lpro fehlte, zeigten keine klinischen Anzeichen von MKS. Dies bestätigt den 

stark attenuierten Charakter eines leaderless MKSV. Auch nach der akuten Phase der Infektion 

konnte bei den Tieren kein Virus nachgewiesen werden, weder im mit Hilfe des Probangbe-

chers beprobten Rachenschleim noch in den bei der Sektion entnommenen Geweben des 

Nasopharynx. Dies verdeutlicht, dass MKSV ohne das Leader-Protein nicht in der Lage ist, die 

Immunantwort des Wirts zu überwinden. 

Neben Lpro üben auch etliche andere virale Proteine Funktionen aus, die der angeborenen Im-

munantwort entgegenwirken. In unserer Studie, die sich mit dem Transkriptom und Proteom 

infizierter Gewebe befasste, konnten wir einige dieser Mechanismen erstmals in vivo be-

obachten. Mit modernen analytischen Ansätzen, die bisher noch keine Anwendung bei persis-

tent MKSV-infiziertem Gewebe fanden, konnten wir einen direkten Einfluss des viralen Nicht-

Struktur-Proteins 3A auf die Expression von Rezeptoren für virale RNA und von Lpro auf die 

Interferon-Signalkaskade durch eine Interaktion mit TRAF6 feststellen. Insgesamt zeigte infi-

ziertes Gewebe einen veränderten zellulären Phänotyp, den wir dem follikelassoziierten 
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Epithel (FAE) zuschreiben konnten. Die Genexpressionsmuster des persistent infizierten 

Epithels deuteten darüber hinaus auf eine gehemmte Apoptose und eine ineffektive T-Zell 

Antwort hin.  

Unsere aus persistent infizierten Tieren gesammelten Virussequenzen, die den gesamten of-

fenen Leserahmen von MKSV abdecken, sind der größte Datensatz, der jemals in diesem Zu-

sammenhang analysiert wurde. Diese umfangreiche Bibliothek an Sequenzen veranschau-

lichte ein zunehmendes Auftreten von Mutationen bei persistierender Infektion. Zwei Muta-

tionen, die eine Änderung der Aminosäuresequenz an den Positionen VP3 75 und VP2 79 ver-

ursachen, waren von besonderem Augenmerk, da beide Mutationen bereits zuvor mit der 

persistenten Infektion von MKSV des Serotyps O in Zusammenhang gebracht worden waren. 

Die von uns durchgeführten funktionelle Analysen konnten keine geänderte Empfindlichkeit 

der persistierenden Virusisolate gegenüber neutralisierenden Antikörpern nachweisen, deu-

teten aber auf eine Verbesserung der Bindungskapazität für den Integrin αVβ8 Rezeptor hin. 

Insgesamt stützen unsere Ergebnisse die Hypothese, dass zumindest bei MKSV vom Serotyp 

O diese Mutationen spezifisch für die persistente Infektion sind und einen persistenzassoziier-

ten Genotyp darstellen.  

Zusammenfassend lässt sich sagen, dass MKSV beim ersten Eindringen in den Wirt auf das FAE 

im Nasenrachenraum trifft. Dort findet die primäre Infektion statt und von dort breitet sich 

das Virus systemisch aus. MKSV kann hier monatelang als persistente Infektion verbleiben. In 

diesem Gewebe ist während der persistenten Infektion eine Störung der angeborenen Im-

munantwort und eine Hemmung der Apoptose zu beobachten, was teilweise durch das Virus 

befördert wird, wofür dieses spezielle Epithel aber auch besonders anfällig ist. Die persistente 

MKSV-Infektion scheint durch ein Zusammenspiel beider Faktoren erst ermöglicht zu werden, 

zum einen durch die viral bedingte Hemmung der Immunantwort und zum andern durch die 

wirtsgegebene Immuntoleranz in diesem Gewebe.  
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IX. Appendix 

1. List of Figures 

Figure 1. Structure of the virion and genome organization of FMDV (created with BioRender) 

Figure 2. Global FMDV distribution, adapted from (Freimanis et al. 2016) using the official 

FMD status recognized by WOAH as of February 2024 (WOAH 2024). Created with map-

chart.net 

Figure 3. (Left) Sampling of cattle with a probang cup in the BSL4vet facility on the Isle of 

Riems, (Right) OPF collected in the probang cup. 

Figure 4. Progression of FMDV infection in naive cattle from primary infection in the naso-

pharynx, to a systemic infection with lesions on hairless epithelia and shedding of virus, to 

the persistent infection with limited replication in the nasopharynx and disputed potential of 

shedding (Created with BioRender.com) 
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ALI  air-liquid interface 

BVDV  bovine viral diarrhea virus 

DNA  Deoxyribonucleic acid 

DSP  dorsal soft palate 
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EBV  Epstein-Barr virus 

eIF  eukaryotic translation initiation factor 

et al.  et alii / et aliae 

FAE  follicle-associated epithelium 

FMD  Foot-and-Mouth disease 

FMDV  Foot-and-Mouth disease virus 

HIV  human immunodeficiency virus 

HSV  herpes simplex virus 

IFN  interferon 



171 

 

Ig  immunoglobulin 

IL  interleukin 

IRES  internal ribosome entry site 

ISG  interferon stimulated genes 

M-cells  microfold cells 

MALT  mucosa-associated epithelium 

MHC  major histocompatibility complex 

mRNA  messenger RNA 

NK-cells natural killer cells 

nt  nucleotides 

LGP2  Laboratory of Genetics and Physiology 2 

Lpro  Leader protein 

OPF  oropharyngeal fluid 

ORF  open reading frame 

PCR  polymerase chain reaction 

RdRp  RNA-dependent RNA polymerase 

RNA  ribonucleic acid 

SARS-CoV 2 severe acute respiratory syndrome coronavirus 2 
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SAP  SAF-A/B, Acinus, and PIAS 
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UK  United Kingdom 

UTR  untranslated region 

VPg  viral protein, genome-linked 

WOAH  World Organization for Animal Health 
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