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Abstract

Objectives Feline calicivirus (FCV) is a highly variable and globally important feline pathogen for which vaccination
has been the mainstay of control. Here, we test whether the continued use of FCV-F9, one of the most frequently
used vaccine strains globally, is driving the emergence of vaccine-resistant viruses in the field.

Methods This study made use of two representative panels of field isolates previously collected from cats visiting
randomly selected veterinary practices across the UK as part of separate cross-sectional studies from 2001 and
2013/2014. Phylogenetic analysis and in vitro virus neutralisation tests were used to compare the genetic and
antigenic relationships between these populations and FCV-F9.

Results Phylogenetic analysis showed a typically radial distribution dominated by 52 distinct strains, with strains
from both 2001 and 2013/2014 intermingled. The sequence for FCV-F9 appeared to be integral to this phylogeny
and there were no significant differences in the genetic distances within each studied population (intra-population
distances), or between them (inter-population distances), or between each population and FCV-F9. A 1 in 8 dilution
neutralised 97% and 100% of the 2001 and 2013/14 isolates, respectively, and a 1 in 16 dilution neutralised 87% and
75% of isolates, respectively. There was no significant difference either in variance between the FCV-F9 neutralising
titres for the two populations, or in the distribution of neutralisation titres across the two populations.

Conclusions and relevance Although FCV is a highly variable virus, we found no evidence for a progressive
divergence of field virus from vaccine strain FCV-F9, either phylogenetically or antigenically, with FCV-F9 antisera
remaining broadly and equally cross-reactive to two geographically representative and temporally separated FCV
populations. We suggest this may be because the immunodominant region of the FCV capsid responsible for
neutralisation may have structural constraints preventing its longer term progressive antigenic evolution.
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Introduction
Feline calicivirus (FCV) is a common pathogen of cats
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emergence of vaccine-resistant strains and that the effi-
cacy of such vaccines may be reducing over time.12-14

We recently reported that FCV-F9 remains broadly
cross-reactive to representative FCV isolates collected
across Europe between 2013 and 2014.1> Comparison of
the data from this study with results from a previous
study performed 12 years earlier'® suggested that FCV-
F9 antiserum neutralised the contemporary isolates as
effectively as the earlier isolates. However, although the
two studies were performed in a similar manner, the
FCV-F9 antisera used for the neutralisation tests were
raised in different cats and using different methodolo-
gies (infection vs vaccine overdose), making direct com-
parison of results difficult. Here, we tested the hypothesis
that field isolates of FCV are evolving increased resist-
ance to FCV-F9 vaccines by directly comparing the in
vitro cross-reactivity of a single FCV-F9 antiserum with
representative UK FCV isolates collected in 2001 and
2013/14, together with phylogenetic comparisons of the
viruses in our sample populations.

Materials and methods

Viruses

Field isolates were previously collected from veterinary
practices recruited randomly across the UK as part of two
cross-sectional studies in 2001 and 2013 /2014 (see Table 1
in the supplementary material).!>1¢ Virus stocks were
prepared in feline embryo cells.'” Field isolates were used
at passage 4 or less. Vaccine virus (FCV-F9; provided by
MSD Animal Health) was used at passage 2.

Phylogenetic analysis

Methods for nucleic acid isolation, reverse transcription,
PCR amplification, purification and sequencing were as
previously described,!® leading to a final PCR product of
529 nucleotides of the immunodominant region of the
FCV capsid gene,!” corresponding to residues 6406-6934
of the FCV-F9 genome (Genbank M86379). The resulting
sequences were aligned and pairwise p-distances and
a neighbour-joining tree calculated (MEGAG6).20-22 All
ambiguous positions associated with the quasispecies
nature of FCV were discounted for each sequence pair.

Virus neutralisation

Sixty field viruses were used in virus neutralisation (VN).
Forty isolates from 2001 were used; seven (17.5%) were
from cats showing acute disease (URTD and/or mouth
ulcers), 30 (75%) were from healthy cats and three (7.5%)
had no clinical data (see Table 1 in the supplementary
material). Of 48 isolates collected in 2013/14, a subset of
20 was used in this study. To maintain the same approxi-
mate clinical ratio as for the 2001 isolates, they were simi-
larly stratified and four (20%) isolates with acute disease
and 16 (80%) from healthy cats were randomly selected
for inclusion. Viruses from clinically normal cats were
included as these were still likely to be virulent.??

Plasma (hereafter ‘antiserum’) was collected and
pooled from four specific-pathogen-free cats vaccinated
subcutaneously with 10 commercial doses of Nobivac
Tricat Trio (FCV-F9) at 8-9 weeks of age, and again 4
weeks later, as part of a vaccine safety study conducted
by the funder; the use and limitations of such ‘high-titre’
antisera is justified elsewhere.’®> Blood samples were
taken 3 weeks after the second vaccination. VN tests
were performed using a constant virus, varying the
antiserum method, as previously described.!>?* An esti-
mated concentration of 100 50% tissue culture infective
dose (TCIDs,) of virus was used in each assay and viral
back titration was used to ensure the viral titre fell into
the accepted range of 32-320 TCID;,.2> Antibody titres
were expressed as 50% end points.?® An internal FCV-F9
homologous control was included in each experiment;
individual tests were only considered valid if the neu-
tralising titre for this control was within two-fold of the
mean homologous control titre across all experiments.?”
Antibody units (AUs) were also calculated, with 1 AU
being the highest dilution of FCV-F9 antiserum that
neutralised 32-320 TCID;, of homologous virus in 50%
of cultures, based on the average FCV-F9 titre for all
experiments.?”28

Statistical analysis

Levene’s homogeneity of variance and Mann-Whitney
tests were used to compare the variance and distribution
of neutralisation titres across the two populations of iso-
lates (2001 vs 2013/14) and between clinical and non-
clinical isolates. Fisher’s exact test was used to compare
the proportion of samples neutralised by different levels
of AUs. Intra- and/or inter-population genetic distances
were compared using the Mann-Whitney test.

Resulits

Sequencing and phylogenetic analysis

Partial capsids could not be amplified from five of the
isolates used in viral neutralisation, probably owing to a
mismatch of the primers used.’” Sequences for the
remaining 55isolates are available in GenBank (Accession
Numbers KX257491-617 [previously published]'® and
MH674290-347) (see Table 2 in the supplementary mate-
rial). Phylogenetic analysis of the 55 sequences (together
with FCV-F9) showed a typically radial distribution
dominated by 52 distinct strains (pairwise genetic dis-
tance >20%, bootstrap values <80%)* (Figure 1), with
strains from both studies intermingled. Similarly, the
sequence for FCV-F9 appeared integral to this phylogeny.
This overall lack of apparent temporal clustering was
supported by there being no significant differences in the
range of genetic distances produced either within each
studied population (intra-population distances for 2001
and 2013 /14 isolates), or between them (inter-population
distances for comparing 2001 and 2013/14 isolates), or
between each population and FCV-F9 (P >0.05 for all
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Figure 1 Unrooted neighbour-joining tree of the 56 partial
feline calicivirus (FCV) capsid sequences used in this study
(including FCV-F9; GenBank Accession Number M86379).
The evolutionary distances were computed using the
p-distance method,?° and are in the units of the number of
base differences per site (see 0.05 scale bar, which equates
to five changes per 100 bases). All codon positions were
included. There were 432 nucleotide positions in the final
data set. The isolates are numbered as in Table 1 in the
supplementary material, including a two-letter code for the
geographical area, two digits for the isolate number and two
digits for the year of collection; isolates from each of the two
studies are also differentiated by colour (see key). Asterisks
represent isolates from cats with acute disease (upper
respiratory tract disease * ulcers). Clades represented by
more than a single sequence (<20% capsid divergence,
=80% bootstrap values) are boxed, additionally labelled

a and b, and the intra-clade diversity indicated. Bootstrap
values <80% are not shown

comparisons) (see Figure 1 in the supplementary mate-
rial). Only two clades (‘a’ and ‘b”) were evident, contain-
ing possible variants of individual strains (pairwise
genetic distance <20%, bootstrap values >80%); clade b
contained two isolates from Oxfordshire (isolated 13
years apart), suggesting possible local circulation of this
strain over some years.

VN

Neutralisation profiles were obtained for 59 of the 60 iso-
lates (see Table 1 and Figure 2 in the supplementary
material); one isolate repeatedly failed internal experi-
mental controls. All 59 isolates were neutralised by anti-
serum at a 1 in 4 dilution. A 1 in 8 dilution neutralised
97% and 100% of the 2001 and 2013/14 isolates, respec-
tively, and a 1 in 16 dilution neutralised 87% and 75% of
isolates, respectively. There was no significant difference

in variance between the titres for the two populations
(2001 vs 2013/14, P =0.97) and no significant difference
in the distribution of titres across these two temporally
separated populations (P = 0.46).

Unfortunately, prevaccination negative control plasma
was not available to test for non-specific neutralisation,
which may sometimes be seen at lower plasma dilutions.
However, we observed a wide range of neutralisation
titres, most often at high dilutions where non-specific
neutralisation would not be expected to occur, suggest-
ing the neutralisation we report is mediated by FCV-
specific antibodies. In addition, when isolates that were
neutralised at low dilutions (<1 in 8 and <1 in 16), where
non-specific neutralisation might occur, were removed
from the statistical analysis, there remained no signifi-
cant difference in the distribution of titres across the two
temporally separated populations.

There was no significant difference in the distribution
of titres between isolates from clinically affected and
clinically normal cats (P =0.36). The percentage of iso-
lates neutralised by 5, 10 and 20 AUs were 36%, 59% and
64%, respectively, for the 2001 isolates, and 25%, 45%
and 55%, respectively, for the 2013 /14 isolates (Figure 2).
These differences were not statistically significant
(P=0.16).

Discussion

Some authors have suggested that vaccines containing
older FCV strains may be less relevant for the control of
current field viruses.'?-14 Here, we tested this hypothesis
by directly comparing the ability of FCV-F9 antiserum to
neutralise two representative UK populations of FCV
isolated 12-13 years apart. Our results showed that FCV-
F9 antiserum induced broad cross-neutralisation in vitro,
showing no significant difference in the neutralisation
of either population. These observations would suggest
that FCV-F9 antiserum is notbecoming less cross-reactive,
and are consistent with a challenge experiment in which
cats vaccinated with FCV-F9 were broadly protected
when challenged with a recent field isolate.3*? The
differences between our results and those of others are
likely attributable to variations in methodology, includ-
ing the use of non-representative isolates.!? In addition,
the majority of earlier studies have not directly compared
temporally separated, spatially representative isolates
using the same antisera.

How can this apparent antigenic stability be reconciled
with both rapid evolution of FCV in acute infection,® and
the high levels of FCV genetic variability observed,
particularly in colonies of cats??*3® Consistent with
previous studies, our phylogenetic analysis highlighted
a radial phylogeny containing many strains.342%34
However, we observed no phylogenetic clustering, with
sequences from both time points intermingled in the
phylogeny, to which FCV-F9 remained integral.42%3435
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Figure 2 Results of virus neutralisation. The percentage of isolates neutralised by each dilution of FCV-F9 antisera in the two-
fold dilution series (or by the midpoint between two-fold dilutions as calculated by the Reed-Muench equation)2¢ are shown.
The results for five isolates fell outside of these groupings (see Table 1 in the supplementary material); in which case the result
was rounded down to the nearest grouping. Calculated levels of 5, 10 and 20 antibody units (AU; titres of 1in 200, 1 in 100

and 1in 50, respectively) are indicated

Similarly, distance comparisons between both sets of iso-
lates and FCV-F9 showed neither population of field iso-
lates was significantly more variable to FCV-F9 than to
itself. These observations suggest that the capsid of FCV
is not evolving in a linear (molecular clock-like) fashion,
as is typical for some other rapidly evolving viruses such
as influenza.!>% These genetic observations correlate
with our neutralisation data, being linked through our
use of sequences from the immunodominant region of
the FCV capsid, where most known neutralisation
epitopes reside.’%” Our working hypothesis is that while
this region can evolve quickly in response to immune
selection in individual animals,®3 structural constraints
on the capsid may prevent its continued evolution and
broader antigenic escape at the population level.2 To fur-
ther understand these observations it will be necessary
to expand these analyses to include full FCV genome
sequences and older isolates collected closer in time to
when FCV-F9 was isolated around 1958.

Using 20 AUs as a cut-off, we observed neutralisation
of 64% and 55% of 2001 and 2013/14 isolates, respec-
tively. Older UK studies reported 54%3° and 74%?” of field
isolates neutralised by FCV-F9 antiserum at the 20 AUs
cut-off. Our previous study, using the same antiserum
as used here, but with a larger number of isolates,
showed that 50% were neutralised by 20 AUs.!> However,
our 2001 study using different antiserum showed only
25% of isolates to be neutralised by 20 AUs,!¢ highlight-
ing how results can vary even when AUs are used to cor-
rect for differences in antiserum titres. Although AUs are
undoubtedly useful for comparing results between stud-
ies, the method used here where isolates are directly

compared within a single study should, perhaps, be
preferable.

Although we failed to identify variation in neutrali-
sation between the two studied time points, a larger
study would undoubtedly have greater power to iden-
tify smaller changes in neutralisation. It is clear that, as
previously suggested,! the development of an interna-
tionally agreed study protocol, as exists for some other
viral vaccines, is necessary to facilitate more compara-
ble studies in the future. Such a protocol would need to
include optimal sample size, the selection of cats for
sampling and source of control and test antisera.

Conclusions

Our studies demonstrate that although FCV field strains
are very variable, they do not appear to be evolving from
the FCV-F9 vaccine strain, either antigenically or geneti-
cally. Although our in vitro VN study cannot equate
with clinical protection, together with the phylogenetic
data, it may suggest a mechanism for why FCV-F9 anti-
sera still remain broadly cross-reactive in vitro against
ECV field isolates.

Supplementary material The following files are available
online:

Figure 1: Evolutionary divergence between sequences.

Table 1: Isolate details and results of virus neutralisation using
FCV-F9 antisera.

Table 2: Further isolate details and GenBank accession
numbers.
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