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Abstract — A prospective cohort study was used to estimate the incidence of West Nile virus (WNV)
infection in a group of unvaccinated horses (n = 37) in California and compare the effects of natural
WNYV infection in these unvaccinated horses to a group of co-mingled vaccinated horses (n = 155).
Horses initially were vaccinated with either inactivated whole virus (n = 87) or canarypox recom-
binant (n = 68) WNV vaccines during 2003 or 2004, prior to emergence of WNV in the region.
Unvaccinated horses were serologically tested for antibodies to WNV by microsphere immunoas-
say incorporating recombinant WNV E protein (tE MIA) in December 2003, December 2004, and
every two months thereafter until November 2005. Clinical neurologic disease attributable to WNV
infection (West Nile disease (WND)) developed in 2 (5.4%) of 37 unvaccinated horses and in O of
155 vaccinated horses. One affected horse died. Twenty one (67.7%) of 31 unvaccinated horses that
were seronegative to WNV in December, 2004 seroconverted to WNV before the end of the study
in November, 2005. Findings from the study indicate that currently-available commercial vaccines
are effective in preventing WND and their use is financially justified because clinical disease only
occurred in unvaccinated horses and the mean cost of each clinical case of WND was approximately
45 times the cost of a 2-dose WNV vaccination program.
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1. INTRODUCTION

West Nile virus (WNYV) is the cause of
West Nile disease (WND), a re-emerging
mosquito-transmitted disease of humans
and animals [1,6,7,9, 11, 18]. In 1999,
WNV was first detected in North Amer-
ica in New York, and subsequently the
virus spread throughout Canada, the USA,
Mexico and the Caribbean [13, 14, 21].
Horses have been the mammalian species
most impacted during the current epi-
demic of WNYV infection in North Amer-
ica, with attendant high morbidity and
mortality [20,22,25-28]. WNV was not
detected in California until July 2003,
when the virus was identified in Culex
tarsalis mosquitoes in the Imperial Val-
ley of southeastern California [24]. The
virus subsequently spread throughout the
entire state in 2004 and 2005 [8]. De-
spite extensive publicity of the devastat-
ing impact of WND in horse populations
elsewhere in the USA and the availabil-
ity of two commercial vaccines to pre-
vent WNYV infection [17,19], WNYV caused
widespread morbidity and mortality in Cal-
ifornia horses. The California Department
of Food and Agriculture (CDFA) reported
540 clinical cases of WND in horses in
2004, of which 230 (42.6%) were fatal,
and a further 456 cases in 2005, of which
200 (43.9%) were fatal [8].

Despite the devastating impact of
WNV infection in horses, only gen-
eral estimates of the incidence of clin-
ical disease (approximately 10%) and
case-fatality (approximately 30-60%) in
WNV-infected horses have been pub-
lished based on retrospective data anal-
ysis [5-7,16,18,20,28]. Furthermore, al-
though several studies have noted that
some horses vaccinated against WNV re-
spond poorly and that WND can occur in
vaccinated animals [2, 10, 15,25, 26], there
are no reliable estimates as to the fre-
quency of this phenomenon. The objective
of the study reported here was to com-

pare the incidence and effects of natural
WNV infection in unvaccinated and vacci-
nated horses in California. To our knowl-
edge, our study represents the first study
in the current epidemic of WNV infection
in North America to prospectively monitor
the clinical and subclinical effects of WNV
infection in horses.

2. MATERIALS AND METHODS
2.1. Study design

From January 2003, an initial cohort
of 191 horses, aged from 5 to 20 years
and predominantly of Thoroughbred and
Quarterhorse breeds, was maintained on
24 ha at the Center for Equine Health
(CEH), University of California at Davis,
USA. The cohort included 37 unvacci-
nated horses that were not previously ex-
posed to WNV, and 155 horses that were
vaccinated with either inactivated whole
virus ([19] West Nile Innovator®, Fort
Dodge Laboratories, Fort Dodge, IA, USA:
n = 87) or canarypox recombinant ([17]
Recombitek® Equine West Nile virus vac-
cine, Merial Limited, Duluth, GA, USA:
n = 68) WNV vaccines. Seventy-five
horses were initially immunized with in-
activated WNV vaccine in February, 2003,
and re-immunized (boosted) in March of
2003, 2004 and 2005. Twelve additional
horses received only a single immuniza-
tion with this vaccine in March, 2004;
68 horses were vaccinated in March and
April of 2004 with recombinant WNV vac-
cine and re-immunized in March, 2005.
The number of unvaccinated horses was in-
tentionally limited to approximately 20%
of the total number of horses in the
study for humane reasons. Vaccinated and
unvaccinated horses were co-mingled in
groups of 6 to 10, housed on dry lots
or on irrigated pasture, and managed
similarly. Horses were evaluated at least
daily for clinical signs and vaccination
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reactions by trained animal-health techni-
cians. Blood was collected from horses at
monthly intervals and serum was stored at
—20 °C until tested. All clinical evaluations
and serologic testing were done indepen-
dent of knowledge of vaccination status.
Horses that died or were euthanized dur-
ing the follow-up period were subjected
to necropsy examination at the Veterinary
Medical Teaching Hospital (VMTH) and
the cause of death was determined. The
protocol was approved by the Institutional
Animal Use and Care Committee.

Horses that developed clinical WND
were given supportive care at the VMTH
that included being suspended in a sling
and intensive treatment with 250 mg
Banamine (Schering Plough, Union, NJ,
USA) twice daily, hyperimmune plasma
(Plasvacc USA Inc., Templeton, CA, USA)
and recombinant alpha-interferon (RO-
FERON, Hoffmann-La Roche Inc., Nutley,
NJ, USA).

2.2. Serum antibody assays for WNV

The presence of WNV antibodies
in horse sera was detected by micro-
sphere immunoassay (MIA) that incorpo-
rates recombinant WNV envelope protein
(rE MIA), as previously described [2].
Briefly, recombinant WNV E protein was
covalently conjugated to Multi-Analyte
COOH Microspheres (Luminex Corpora-
tion, Austin, TX, USA) and then incu-
bated with individual equine sera fol-
lowed by biotin-labeled goat anti-equine
IgG (Kirkegaard & Perry Laboratories,
Gaithersburg, MD, USA) and streptavidin
conjugated R-phycoerythrin. The micro-
spheres were then analyzed in a Lu-
minex 100 instrument (Luminex Corpora-
tion, Austin, TX, USA) and the median
fluorescence intensity was quantified for
100 microspheres for each sample. Posi-
tive and negative control sera were used
to establish cutoff fluorescence values as

described [2]. Sera collected from the un-
vaccinated horses in December 2003, De-
cember 2004, and every two months there-
after until November 2005 were evaluated
for the presence of antibodies to WNV.
Sera collected from all vaccinated horses
in April and November of 2005 were tested
by the same method. These sampling dates
were chosen for the vaccinated horses be-
cause they coincided with the predicted be-
ginning and end of the WNV transmission
season in 2005. Sera collected from the
unvaccinated horses were also evaluated
for the presence of neutralizing antibodies
to WNV by plaque reduction neutraliza-
tion test (PRNT) at the National Veterinary
Services Laboratory (Ames, Iowa, USA)
[3,20]. The IgM capture ELISA [23] per-
formed at the California Animal Health
and Food Safety Laboratory was used to
confirm WNYV infection in horses that ex-
hibited signs consistent with WND [15,
20].

2.3. Case definitions

The case definition for a horse with
a putative clinical WND event was pre-
sentation with signs consistent with WNV
infection and laboratory confirmation by
IgM capture ELISA. For subclinical infec-
tion, a horse that seroconverted between
two subsequent samples (i.e. initially was
seronegative and then became seroposi-
tive by rE MIA) was considered to be an
incident case of WNV and to have sero-
converted at the midpoint of the 2-month
interval.

2.4. Statistical analysis

The proportion of horses with WND
was compared between vaccinated and
unvaccinated horses by Fisher’s exact
test with a P value of < 0.05 consid-
ered significant. A 95% confidence in-
terval (CI) for the proportion of clinical
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Figure 1. Kaplan-Meier survival curve of WNV seroconversion in 31 unvaccinated horses as eval-
uated by microsphere immunoassay incorporating recombinant WNV E protein.

cases among horses that seroconverted to
WNV was calculated by exact binomial
methods. The cumulative probability of
WNV seroconversion and the median time-
to-seroconversion in unvaccinated horses
were estimated using Kaplan-Meier sur-
vival methods in MedCalc (MedCalc ver-
sion 8, Mariakerke, Belgium).

3. RESULTS

WNV was first detected in Culex
mosquitoes at the study site by WNV-
specific polymerase chain reaction in the
late summer of 2004 and periodically
thereafter (data not shown), which coin-
cided with the initial reported cases of
WND in horses in the region [8]. Of
the 37 unvaccinated horses, 2 died dur-
ing 2004 (1 from WND and 1 from
colic) and 2 other horses died in 2005
(1 from sole abscess and 1 from colic).
All 37 unvaccinated horses were serologi-
cally negative to WNV in December, 2003,
whereas 4/35 (11.4%) surviving horses
were seropositive in December, 2004. Of

the 31 seronegative horses in December
2004, 21 (67.7%, SEM = 8.4%) serocon-
verted during 2005 with a median time to
seroconversion of 8§ months (Fig. 1).

Of horses that seroconverted to WNV
during either 2004 (n = 4) or 2005 (n =21),
2 (8%, 95% CI = 1% to 26%) developed
WND. One affected horse, a 20-year-old
Standardbred mare, died in October, 2004,
despite intensive treatment and supportive
care for 3 days. The horse was confirmed
to have WNV infection by IgM capture
ELISA, and histologic evaluation of brain
tissue collected at necropsy confirmed the
presence of encephalomyelitis typical of
WNV infection. Tests for rabies and equine
herpesvirus (EHV)-1, which were consid-
ered to be the most likely differential di-
agnoses, were negative. The horse was
rE-MIA negative at the prior sampling and
was not tested at the time of death. An-
other unvaccinated horse, a 17-year old
Mustang, developed severe clinical signs
of WND in August, 2005. This horse was
initially recumbent but recovered unevent-
fully after several days of intensive treat-
ment and supportive care. WNV infection
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of this horse also was confirmed by IgM
capture ELISA and the horse was rE MIA
positive at all subsequent samplings. No
testing for rabies or EHV-1 infection was
done. The total diagnostic, treatment, and
pathology costs for these two cases were
$2 980 and $2 372 (mean = $2 676), re-
spectively.

Neurologic disease typical of WNV in-
fection was not observed at any time in
any of the 155 vaccinated horses, re-
gardless of vaccine type or frequency of
immunization. Two horses that were re-
peatedly vaccinated with inactivated WNV
vaccine failed to seroconvert by April,
2005 (Tab. I), whereas both animals
were seropositive in November, suggest-
ing that they were subclinically infected
with WNV between April and November
of 2005. Similarly, although 7 (58.3%) of
12 horses that received a single dose of in-
activated vaccine were seronegative to the
virus in April, 2005, no disease occurred
in these animals despite apparent natural
infection of at least 3 of these horses as
reflected by their seroconversion to WNV
between April and November of 2005.
There were no adverse reactions in any of
the 155 vaccinated horses. The percentage
of clinical cases among vaccinated horses
(0%) was significantly (P = 0.035) less
than among nonvaccinated horses (5.4%).
Six vaccinated horses were euthanized for
non-WND illnesses during 2005.

Many (18/64) of the horses that were
annually immunized with the recombi-
nant WNV vaccine and were seroposi-
tive in April, 2005, became seronega-
tive by November, 2005, as evaluated by
rE MIA (Tab. I). Similarly, 6 (8.2%) of
the 73 horses that were annually immu-
nized with the inactivated vaccine that
were seropositive in April were seroneg-
ative in November, 2005, and 2 (50%)
of 4 unvaccinated horses that were seropos-
itive to WNV in December, 2004 as a
result of natural infection that year became
seronegative by November, 2005.

4. DISCUSSION

Findings from the present study confirm
that the majority of equine WNV infec-
tions are subclinical because only 2 (8%)
of the unvaccinated horses that sero-
converted to WNV during either 2004
or 2005 exhibited neurologic signs typi-
cal of WND. Our results are consistent
with prior reports of retrospective studies
that indicate that approximately 10% of
WNV-infected horses develop clinical dis-
ease [5,7,16], which is markedly greater
than the occurrence (< 1%) of severe dis-
ease in WNV-infected humans [4, 7]. In
contrast to the reported attenuation of vir-
ulence of WNV in the tropical ecosystems
in Latin America and the Caribbean [14],
there was no evidence that the virus cir-
culating in California had attenuated fol-
lowing transcontinental spread from the
original incursion to New York in 1999 be-
cause the frequency of clinical WND in the
horses in our study population was sim-
ilar to that of prior reports. Interestingly,
WNV was only sporadically detected by
PCR analysis of mosquitoes that were in-
tensively trapped at the site throughout
both the 2004 and 2005 WNYV seasons, and
there was minimal mortality of susceptible
bird species at the site (data not shown).
These observations suggest that immuno-
logically naive horses constitute an appro-
priate sentinel population for detection of
the emergence and circulation of WNV in
an area, as previously described in south-
ern Africa [12].

The rE MIA provided a rapid and con-
venient assay for screening large num-
bers of equine sera for WNV antibod-
ies [2]. The data obtained using the rfE MIA
were assumed to represent WNV infection
because initial seroconversion of unvac-
cinated horses coincided with the docu-
mented emergence of WNV in this region
of northern California as reported by the
CDFA [8]. Furthermore, antibodies to the
related St. Louis encephalitis virus were



114 L.A. Gardner et al.

Table I. Serologic status and quantitative test results of WNV vaccinated horses, as determined
by microsphere immunoassay incorporating recombinant WNV E protein (tfE MIA) in April and

November, 2005.

Vaccine type* April 2005 November 2005
rE MIA value rE MIA value
No. pos/no. tested (%) median (range) No. pos/no. tested (%) median (range)
Inactivated
Repeated 73/75 (97.3) 7922 (21-20 748) 67/73 (91.8) 2360 (63-11 667)
Single 5/12 (41.6) 106 (15-2 163) 7/12 (58.3) 382 (10-5 640)
Recombinant 68/68 (100) 3471 (208-20 195) 46/64 (71.9) 909 (7-12 495)

* Vaccination of horses was done as described in the text; six vaccinated horses were euthanized between April and

November 2005 for illnesses unrelated to WNV.

not identified in any of the horses, and
results obtained with the rE MIA were con-
firmed by WNV PRNT with many of these
sera [2]. Our findings also indicate that an-
tibodies to WNV-envelope protein detected
by the rE MIA wane over time, which may
limit the test’s utility as a surveillance tool.

Results of the present study indicate that
both currently-available commercial vac-
cines are effective in preventing WND, as
obvious clinical disease occurred only in
unvaccinated horses. We believe that the
probability of failing to detect a severe
WND case was virtually zero because clin-
ical evaluations were done at least daily
by highly experienced personnel. It is pos-
sible that mild transient infections could
have been overlooked, however, the impact
of any such cases was considered minimal
since treatment was not required. In the
present study, there were only two cases of
WND and hence the data were too sparse to
allow an unequivocal assessment of costs
and benefits of vaccination. Nevertheless,
it is important to consider the financial
ramifications of our findings. In Califor-
nia, the current costs of a 2-dose vaccina-
tion program including administration of
vaccine are approximately $60/horse and,
hence, the break-even number of horses
that could be vaccinated to prevent a single
case of WND was approximately 45 sus-
ceptible horses, assuming a mean treat-

ment cost per case of $2 676 and 100%
vaccine efficacy. The expected incidence
of clinical disease (2.2%) used in this cal-
culation was lower than the incidence of
WND of 5.4% in unvaccinated horses ob-
served in the present study. Even if the
vaccination program was extended for an-
other year to include an annual booster
at $30/horse, vaccination would still have
been a cost-effective decision. Our finan-
cial estimates are somewhat speculative,
however, because they are based on just
two cases in 37 susceptible horses and
any variation in WND case numbers would
have substantially changed these estimates.

Although WND has been de-
scribed in horses that were previously
vaccinated with inactivated WNV  vac-
cine [7,15,25,26] there was no evidence
of disease in vaccinated horses including
those that were seronegative to the virus at
the beginning of the 2005 WNV season.
Furthermore, several of these horses had
evidence of infection during 2005 because
they seroconverted to WNV between April
and November. Because only some 10%
of susceptible horses ever develop clinical
WND following infection, additional stud-
ies with greater numbers of unvaccinated
horses are needed to precisely quantify the
costs and benefits of vaccination. How-
ever, ethical concerns will likely preclude
implementation of such investigations.
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