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Abstract 

We report the generation, characterization and epitope mapping of a panel of 26 monoclonal antibodies (MAbs) 
against the VP1 capsid protein of feline calicivirus (FCV). Two close but distinct linear epitopes were identified at the 
capsid outermost surface (P2 subdomain) of VP1, within the E5′HVR antigenic hypervariable region: one spanning 
amino acids 431‑435 (PAGDY), highly conserved and recognized by non‑neutralizing MAbs; and a second epitope 
spanning amino acids 445‑451 (ITTANQY), highly variable and recognized by neutralizing MAbs. These antibodies 
might be valuable for diagnostic applications, as well as for further research in different aspects of the biology of FCV.
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Introduction, methods and results
Feline calicivirus (FCV) has a worldwide distribution and 
is a major pathogen of domestic cats, belonging to the 
Vesivirus genus within the Caliciviridae (reviewed in [1, 
2]). It causes a variety of clinical manifestations, such as 
upper respiratory tract disease, stomatitis and lameness. 
Highly virulent strains (VS-FCV), causing virulent sys-
temic disease (VSD) leading to high mortality (40–60%), 
have been reported in North America and Europe [3].

The FCV genome is a positive-sense single stranded 
RNA (~7.6 kb) that contains three open reading frames 
(ORFs). ORF1 is located at the 5′ end of the genome and 
encodes the viral nonstructural proteins. ORF2 encodes 
the major capsid protein, VP1. ORF3 encodes a putative 
minor structural protein, VP2. A distinguishing feature 
unique to vesiviruses, in contrast to other caliciviruses, is 

the expression of the major capsid protein from ORF2 as 
a precursor protein (73–78  kDa), which is post-transla-
tionally cleaved into the leader capsid protein (LC) and 
the mature capsid protein of 60  kDa, VP1 (Figure  1A). 
On the basis of amino acid sequence alignment and anti-
genic analysis, the capsid precursor protein has been 
divided into six distinct regions, denoted as regions A–F, 
[4] (Figure  1A). Region A corresponds to the LC pro-
tein. Regions B, D, and F are relatively conserved among 
FCV isolates, whereas regions C and E are highly vari-
able. Region E is considered immunodominant and has 
been further divided into 5′ and 3′ hypervariable regions 
(E5′HVR and E3′HVR), separated by a conserved central 
region (Econsv) [4, 5].

Caliciviruses are nonenveloped, icosahedral viruses 
sharing a common architectural framework. The capsid 
(~40  nm diameter) comprises 180 copies, organized as 
90 dimers, of the single capsid subunit, VP1, arranged 
on a T = 3 icosahedral lattice [6–8]. The VP1 mono-
mer has three structural domains (Figure 1B): An inter-
nally located N-terminal arm (NTA), a shell domain (S) 
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forming a continuous scaffold, and a flexible protruding 
domain (P) at the capsid surface, which contains determi-
nants for virus-host receptor interactions and antigenic 
diversity [5, 9, 10]. The P domain can be further divided 
into P1 and P2 subdomains, with P2 subdomain located 
at the outermost surface-exposed region of the viral 
capsid.

FCV is one of the few caliciviruses for which a protein 
receptor has been identified. Attachment and entry of 
FCV is mediated by feline junctional adhesion molecule 
A (fJAM-A), which binds to the outer face of the P2 sub-
domain of VP1 [8, 11–13].

Monoclonal antibodies (MAbs) are useful tools for 
analyzing antigenic properties of viruses. Panels of 
MAbs have been generated against FCV capsid protein, 

including neutralizing and non-neutralizing antibod-
ies [14–17]. So far, epitopes recognized by MAbs to the 
FCV capsid have not been identified, although previous 
studies mapped the binding sites of linear neutralizing 
MAbs between amino acids 381 to 458 [14, 18] involv-
ing E5′HVR region. In addition, sequence analysis of 
MAb neutralization-resistant variants clustered point 
mutations disrupting linear neutralizing epitopes to 
the E5′HVR region and conformational neutralizing 
epitopes to the E3′HVR region [15], both within P2 
subdomain.

Here we report the generation and characterization 
of a panel of MAbs against VP1. Most of the MAbs rec-
ognized antigenic region E. Two close linear epitopes 
were identified located within the 35 amino acid long 

Figure 1 Structure of FCV capsid protein, VP1. A Schematic representation of FCV capsid precursor protein, which is cleaved into mature 
proteins LC and VP1. The figure shows capsid precursor protein antigenic regions (A–F) and the VP1 structural domains (NTA, S, P1 and P2). B 
Ribbon representation of the VP1 protein structure (Protein Data Bank [PDB] accession number 3M8L). The NTA, S domain, P1 and P2 subdomains 
are indicated. C Coomassie blue stained SDS‑10% PAGE of H5 insect cell extracts infected with recombinant baculovirus expressing VP1 protein. 
Molecular weight markers (MW) are given on the left (× 103 Da). D Electron micrograph of a negatively stained sample of purified FCV VLPs. Bar, 
100 nm.
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E5′HVR region, one recognized by non-neutralizing 
and the other recognized by neutralizing MAbs.

We used virus like particles (VLPs) as immunogen 
for the generation of FCV-specific MAbs, following 
an approach we had successfully used before to raise 
MAbs directed against the capsid protein of other 
caliciviruses, such as swine norovirus [19] and rabbit 
hemorrhagic disease virus (RHDV) [9]. Briefly, we gen-
erated a recombinant baculovirus (BacPAK baculovirus 
expression system, Clontech) harbouring the coding 
sequences of mature proteins VP1 and VP2, and the 3′ 
untranslated region of FCV (Urbana strain GenBank 
accession no. L40021), following procedures described 
before [20, 21]. Cultures of H5 insect cells were 
infected with the recombinant baculovirus to analyze 
the expression of the recombinant FCV capsid protein. 
A major polypeptide band with the expected molecular 
mass of ~60  kDa was identified after analysis by SDS-
10% PAGE (Figure  1C, asterisk). Electron microscopy 
analysis of negatively stained preparations of purified 
recombinant FCV capsid protein revealed virus-like 
particles (VLPs) with similar size and morphology to 
authentic FCV virions (Figure  1D). These FCV VLPs 
were subsequently used to immunize BALB/c mice 

in order to obtain FCV VP1-specific MAbs, following 
previously described procedures [19]. After screening 
of the hybridoma cell lines, 26 positive clones derived 
from four different immunized mice were selected.

The MAbs were characterized by analyzing the reac-
tivity of the corresponding hybridoma supernatants in 
ELISA, Western blot and immunofluorescence assays. 
All the MAbs reacted positively with purified FCV 
VLPs in indirect ELISA assays (data not shown). The 26 
MAbs also reacted positively in immunofluorescence 
assays with FCV-infected feline CRFK cells (Figure 2A), 
demonstrating that the MAbs raised against recombi-
nant VP1 protein (VLPs), recognized the FCV capsid 
protein expressed in the context of a FCV virus infec-
tion. 22 of the 26 MAbs reacted positively in Western 
blot assays both, against purified FCV VLPs and VP1 
protein present in FCV-infected CRFK cell-extracts 
([22] and data not shown), suggesting these MAbs 
recognized linear epitopes. Accordingly, the same 22 
MAbs recognized the FCV capsid protein in indirect 
ELISA assays in which the antigen had been previ-
ously denatured by treatment with 7  M urea, before 
adsorption to the plates. In contrast, the remaining 
four MAbs did not react in Western blot or in indirect 

Figure 2 Characterization of MAbs against FCV VP1 protein. The figure shows results obtained with MAbs representative of each of the five 
different antibody groups, G1‑G5. A Indirect immunofluorescence assays performed using non‑infected (−INF) or FCV‑infected CRFK cells (+INF). B 
Plaque‑reduction neutralization assay specific for FCV virus, performed as previously described [22]. The FCV virus was preincubated in the absence 
(‑MAb) or presence (+MAb) of MAbs (hybridoma supernatants diluted 1/20).
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ELISA assays using urea-treated FCV capsid protein, 
indicating that these MAbs recognized conformational 
epitopes.

Subsequently, the panel of MAbs was analyzed for 
neutralizing activity using a plaque-reduction assay 
specific for FCV virus, as previously described [22]. 12 
MAbs exhibited significant levels of anti-FCV neutral-
izing activity (>90% plaque reduction) while the rest 
of the MAbs was shown to be non-neutralizing (Fig-
ure 2B; in row +MAb, compare  2nd and  5th plates with 
 1st,  3rd and  4th plates).

As a next step in the characterization of the MAbs, 
we performed an epitope mapping analysis, which was 
carried out in subsequent steps, by analyzing MAb 
reactivities with sets of truncated FCV capsid polypep-
tides and synthetic peptides (Figure 3). First, truncated 
polypeptides corresponding to the FCV capsid pro-
tein antigenic regions: B, CD, E and F were expressed 
in E. coli as recombinant glutathione S-transferase 
(GST) fusion proteins (Figure  3A). Next, the amino 
acid sequences of antigenic region E: E5′HVR, Econsv 
and E3′HVR were incorporated as foreign antigens and 
displayed by chimeric RHDV VLPs, using procedures 
previously described [22, 23] (Figure 3B). Finally, a set 
of overlapping synthetic peptides encompassing trun-
cated sequences within E5′HVR region was designed 
(Figure 3C). The different sets of truncated capsid poly-
peptides and synthetic peptides prepared were used as 
antigens in indirect ELISA assays to analyze their reac-
tivity with the panel of FCV MAbs. The results obtained 
are summarized in Figure 3. Based on the epitope map-
ping and neutralizing activity analyses performed, the 
MAbs could be classified into five different groups, 
G1-G5 (Figures  2 and 3). Group G1, represented by 
MAb 52H10 in Figure  2, included three non-neutral-
izing conformational MAbs. Group G2 consisted of 
conformational MAb 51C9, exhibiting neutralizing 
activity. The conformational MAbs did not react with 
any of the truncated polypeptides. Thus, the location of 
their epitopes could not be determined. Group G3, rep-
resented by 81C2 in Figure 2, included three non-neu-
tralizing MAbs recognizing epitopes within region F 
(Figure 3A). The epitopes recognized by the remaining 
19 MAbs, including non-neutralizing ones like 82H9 
and neutralizing MAbs like 51B10 (Figure  2), were all 
mapped to the 35 amino acid region E5′HVR (aa 426 to 
460) (Figure  3B). Subsequently, screening of the over-
lapping peptide set enabled the identification of two 
close but distinct linear epitopes: an epitope spanning 
amino acids 431–435 (PAGDY), recognized by 8 non-
neutralizing MAbs (group G4), and an epitope span-
ning amino acids 445-451 (ITTANQY), recognized by 
11 neutralizing MAbs (Figure 3C).

Finally, in order to analyze the degree of conservation 
of the newly identified epitopes, we aligned 181 different 
full length FCV capsid sequences (using Virus Pathogen 
Resource database). The non-neutralizing epitope was 
found to be highly conserved (Figure 4A). The sequence 
PAGDY (aa 431-435) was strictly conserved in 136 out 
of 181 sequences analyzed (75%). Residues P431, G433 
and Y435 were 100% conserved, while A432 and D434 
were 89% and 83% conserved, respectively. In contrast, 
the sequence corresponding to the neutralizing epitope 
ITTANQY (aa 445-451) was unique to the FCV Urbana 
strain used in this study (Figure 4A). Residues I445, T447 
and Y451 were highly conserved (99%, 94% and 87%, 
respectively), while residues T446 and A448 were less 
conserved (58% and 50%, respectively) and residues N449 
and Q450 were very variable (7% and 22%, respectively).

Both epitopes were localized within surface exposed 
loops of P2 subdomain (Figure  4B). The neutralizing 
epitope (ITTANQY) lies at the margins of the P2 domain 
dimer, while the non-neutralizing epitope (PAGDY) 
locates close to the P2 domain dimer interface (Fig-
ures 4C and D).

Discussion
Infection with FCV is common in domestic cats and can 
result in acute upper respiratory tract disease. Highly 
virulent strains of FCV can lead to systemic disease with 
high mortality rates. Vaccination is therefore strongly 
recommended for all cats [24].

MAbs are efficient tools for detection and characteriza-
tion of viruses and have wide applications as diagnostics, 
development of control measures, as well as for research 
in different aspects of their biology. Epitopes recog-
nized by antibodies on viral capsids may overlap with 
other functional sites. Neutralizing antibodies bind spe-
cifically to exposed structures on the surface of the viral 
capsid and interfere with viral functions such as attach-
ment, entry, or subsequent steps critical to infectivity 
[25]. Thus, precise identification of epitopes recognized 
by antibodies on virus capsids [26], along with structural 
determination of virus capsid-neutralizing antibody com-
plexes [27, 28], can provide useful information, reveal-
ing specific mechanisms of neutralization and offering 
prospects for the development of efficient vaccines and 
therapeutics.

Here we have reported the generation and character-
ization of a panel of 26 MAbs against the VP1 capsid 
protein of FCV. Four MAbs recognized conformational 
epitopes, of which three were non-neutralizing and one 
was neutralizing. MAbs recognizing linear epitopes 
were subjected to epitope mapping analysis. Three non-
neutralizing MAbs were found to bind epitopes within 
region F (amino acids 521-668). This was in agreement 
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with findings of other groups, which had mapped the 
binding of linear non-neutralizing MAbs to this region 
[14, 17]. The epitopes recognized by the remaining 
19 MAbs were all mapped to E5′HVR (aa 426 to 460), 

confirming previous studies indicating this 35 amino 
acid surface exposed region is a major antigenic deter-
minant in FCV capsid [4, 5, 14, 15, 18]. Two close lin-
ear epitopes were identified: PAGDY (aa 431-435), 
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Figure 3 Fine mapping of the epitopes recognized by the MAbs. A Schematic representation of VP1 antigenic regions (B–F). B Antigenic 
region E, which is further divided into E5′HVR, Econsv and E3′HVR regions. C Set of overlapping synthetic peptides encompassing truncated 
sequences within E5′HVR region. Based on the epitope mapping and neutralizing activity analyses performed, the 26 MAbs reported in this study 
were classified into five groups, G1‑G5 (blue boxes). The MAbs representative of each group, shown in Figure 2, are depicted in black in this figure. 
Amino acids highlighted in red in E5′HVR sequence indicate previously described MAb escape mutations at positions 441, 448, 449 and 455 [15].
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recognized by 8 non-neutralizing MAbs and ITTANQY 
(aa 445-451), recognized by 11 neutralizing MAbs. 
Although previously reported linear neutralizing 
MAbs had not been precisely mapped, sequence analy-
sis of MAb escape mutants identified point mutations 
located at amino acid positions: 441, 448, 449 and 455 
[15], two of them forming part of epitope ITTANQY 
(Figure  3C), involving highly variable positions (Fig-
ure  4A), and the other two located in close proximity. 
Interestingly, the neutralizing epitope (aa 445-451) pre-
cisely matched the antigenic site 2 identified by Radford 
et  al. [4], in a study focused on mapping linear B cell 
epitopes in FCV capsid protein recognized by feline 
polyclonal antisera derived from vaccinated or FCV-
infected cats. The study showed the relevance of this 
epitope in the context of the immune response elicited 
by cats, the natural host for FCV, although it did not 

provide information regarding its neutralizing ability 
or significance in protection against virus infection. We 
now have determined the neutralizing activity of the 
MAbs binding to it. In fact, we have previously shown 
that chimeric RHDV VLPs displaying a 20-mer pep-
tide derived from the FCV capsid protein (aa 440-459) 
encompassing the ITTANQY epitope, elicited a strong 
neutralizing immune response in groups of inoculated 
mice, which was similar to that elicited by native FCV 
VLPs [22]. The high sequence diversity observed at this 
epitope among the 181 FCV sequences analyzed, sug-
gests that this region is under high immune selective 
pressure. Indeed, previous studies focused on evolu-
tionary mechanisms of persistence and diversification 
of feline calicivirus found patterns of evolution asso-
ciated with positive selection, suggesting an immune-
mediated mechanism for viral evolution [29]. Codons 

Figure 4 Sequence analysis and epitope location. A Amino acid sequence alignment of the E5′HVR region of 10 representative FCV strains. 
The sequences corresponding to the epitopes spanning aa 431‑435 (PAGDY) and aa 445‑451 (ITTANQY) in Urbana strain are indicated. B to D 
Physical location of the epitopes. PAGDY epitope is depicted in blue, ITTANQY epitope is depicted in red. B Ribbon representation of the VP1 protein 
structure. C and D Structural model of the VP1 protein dimer (side and top views, respectively).
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predicted to be under positive selection mapped to 
E5′HVR and E3′HVR, including variable amino acid 
positions within ITTANQY epitope.

The neutralization mechanisms of the MAbs reported 
in this study have not been determined. However, 
the information available from previous reports sug-
gests that binding of MAbs to the ITTANQY epitope 
(aa 445-451), might interfere with several events that 
take place upon virus attachment, involving this FCV 
capsid region. The binding of the VP1 dimer to fJAM-
A receptor induces conformational changes. The VP1 
surface loop at residues 435–447 (encompassing part of 
the epitope) undergoes structural rearrangement, ris-
ing towards the receptor [12]. Several hydrogen bonds 
are predicted to be formed between VP1 and fJAM-
A, involving residues N443 and D444 (adjacent to the 
epitope) [12]. Subsequently, the minor structural pro-
tein VP2 forms a portal-like assembly that mediates 
viral endosome escape during first stages of viral infec-
tion [12]. Interactions are established between FCV 
proteins VP1 and VP2 involving VP1 residues: Y451, 
D452, A454 and D455 (forming part or in the vicinity of 
the epitope) [12]. Interestingly, a recent study focused 
on identifying specific molecular markers of VS-FCV 
strains, found seven residue positions to be statisti-
cally significant for pathotype differentiation [30], five 
of them located in E5′HVR region, residues: 438, 440, 
448, 452 and 455, within or adjacent to the neutralizing 
epitope. Thus, the neutralizing MAbs reported in this 
study (those recognizing ITTANQY epitope, as well as 
51C9 conformational MAb), represent suitable tools to 
be used in studies involving structural determination 
of FCV capsid-neutralizing antibody complexes, that 
might provide new insights regarding the characteriza-
tion of the initial steps of FCV infection.

On the other hand, the non-neutralizing epitope 
PAGDY (aa 431-435), located close to the P2 dimer 
interface (Figures  4C and D), was found to be highly 
conserved among the full length FCV capsid sequences 
available (Figure  4A), despite forming part of a hyper-
variable region, E5HVR. Residues P431, G433 and Y435 
forming part of this epitope were 100% conserved, sug-
gesting mutations at these conserved sites of the capsid 
can compromise critical steps in the virus infectious life 
cycle. In fact, in a recent study, recombinant FCV viruses 
with mutations: P431A or G433A were shown to be non-
viable. Furthermore, the corresponding mutated VP1 
proteins did not form detectable VLPs [13], suggesting 
these surface residues are critical for FCV capsid assem-
bly or stability. It is therefore expected that MAbs recog-
nizing the surface exposed and highly conserved epitope 
PAGDY (aa 431-435) will react with most circulating 
FCV strains. Thus, these MAbs are broadly cross-reactive 

reagents that might be useful for diagnostic assays for 
FCV detection.

In summary, we have produced and extensively charac-
terized a panel of MAbs specific for FCV capsid protein. 
These antibodies might be valuable for diagnostic appli-
cations, as well as for further research in different aspects 
of the biology of FCV.
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