UC San Diego
UC San Diego Previously Published Works

Title

Epidemiology of clinical feline herpesvirus infection in zoo-housed cheetahs (Acinonyx
jubatus).

Permalink
https://escholarship.org/uc/item/4zz090gm|
Journal

Journal of the American Veterinary Medical Association, 251(8)

ISSN
0003-1488

Authors

Witte, Carmel L
Lamberski, Nadine
Rideout, Bruce A

Publication Date
2017-10-15

DOI
10.2460/javma.251.8.946

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4zz090qm
https://escholarship.org/uc/item/4zz090qm#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Vet Med Assoc. Author manuscript; available in PMC 2019 February 11.

Published in final edited form as:
JAm Vet Med Assoc. 2017 October 15; 251(8): 946-956. doi:10.2460/javma.251.8.946.

s HHS Public Access
«

Epidemiology of clinical feline herpesvirus infection in zoo-
housed cheetahs (Acinonyx jubatus)

Carmel L. Witte, MS,
Disease Investigations, Institute for Conservation Research, San Diego Zoo Global, PO Box
120551, San Diego, CA 92112

Nadine Lamberski, DVM,
San Diego Zoo Global, 15500 San Pasqual Valley Rd, Escondido, CA 92027

Bruce A. Rideout, DVM, PhD,
Disease Investigations, Institute for Conservation Research, San Diego Zoo Global, PO Box
120551, San Diego, CA 92112

Florin Vaida, PhD,
Division of Biostatistics and Bioinformatics, School of Medicine, University of California—San
Diego, La Jolla, CA 92093

Scott B. Citino, DVM,
White Oak Conservation, 581705 White Oak Rd, Yulee, FL 32097

Michael T. Barrie, DVM,
Columbus Zoo and Aquarium, 9990 Riverside Dr, Powell, OH 43065

Holly J. Haefele, DVM,
Fossil Rim Wildlife Center, 2155 County Rd 2008, Glen Rose, TX 76043

Randall E. Junge, DVM, MS,
St Louis Zoo, 1 Government Dr, St Louis, MO 63110

Suzan Murray, DVM, and
Smithsonian Global Health Program, Smithsonian Conservation Biology Institute, Washington,
DC 20008

Laura L. Hungerford, DVM, MPH, PhD
Department of Epidemiology and Public Health, School of Medicine, University of Maryland,
Baltimore, MD 21201

Abstract

Address correspondence to Ms. Witte (cwitte@sandiegozoo.0rg).

Dr. Junge’s present address is Columbus Zoo and Aquarium, 9990 Riverside Dr, Powell, OH 43065.

Dr. Hungerford’s present address is Department of Population Health Sciences, Virginia-Maryland College of Veterinary Medicine,
Blacksburg, VA 24061.

f-R, version 3.2.2, R Foundation for Statistical Computing, Vienna, Austria. Available at: www.R-project.org/. Accessed Dec 1, 2015.


http://www.r-project.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Witte et al. Page 2

OBJECTIVE—To determine the incidence of and risk factors for clinical feline herpesvirus
(FHV) infection in zoo-housed cheetahs and determine whether dam infection was associated with
offspring infection.

DESIGN—Retrospective cohort study.
ANIMALS—144 cheetah cubs born in 6 zoos from 1988 through 2007.

PROCEDURES—Data were extracted from the health records of cheetahs and their dams to
identify incident cases of clinical FHV infection and estimate incidence from birth to 18 months of
age. Univariate and multivariable Cox proportional hazards models, controlling for correlations
among cheetahs with the same dam, were used to identify risk factors for incident FHV infection.

RESULTS—Cumulative incidence of FHV infection in cheetah cubs was 35% (50/144). No
significant association between dam and offspring infection was identified in any model. Factors
identified as significant through multivariable analysis varied by age group. For cheetahs up to 3
months of age, the most important predictor of FHV infection was having a dam that had received
a preparturition FHV vaccine regimen that included a modified-live virus vaccine versus a dam
that had received no preparturition vaccine. Other risk factors included being from a small litter,
being born to a primiparous dam, and male sex.

CONCLUSIONS AND CLINICAL RELEVANCE—This study provided the first population-
level characterization of the incidence of and risk factors for FHV infection in cheetahs, and
findings confirmed the importance of this disease. Recognition that clinical FHV infection in the
dam was not a significant predictor of disease in cubs and identification of other significant factors
have implications for disease management.

Feline herpesvirus infection is endemic in cheetahs (Acinonyx jubatus) housed in zoos.
Whereas some affected cheetahs develop a self-limiting, mild disease similar to that of
domestic cats,12 others acquire a chronic, severe upper respiratory tract disease and
debilitating cutaneous and ocular ulcers, with life-long problems due to viral latency and
reactivation.13-5 Severe cases of FHV infection require considerable and repeated
intervention by caretakers and veterinarians (eg, surgery, prolonged administration of
medication, and immunosuppressive treatment), for which the success rate is variable.3->
Chronic, severe infection can also affect quality of life and has led to the euthanasia of
several cheetahs,*® which further impedes breeding efforts and affects population
sustainability of this endangered species. Free-ranging cheetahs have evidence of exposure
to FHV,5-8 but disease has not been reported’2 and, therefore, the population-level
importance of FHV infection in free-ranging cheetahs is unknown.

Research involving domestic cats has shown that FHV is horizontally transmitted via close
contact with bodily fluids from infected animals, such as nasal, ocular, and oral secretions.1°
Infection is common in animal shelters and has been attributed to poor hygiene and close
housing conditions that promote stress and facilitate disease transmission.}1-14 Kittens have
the highest risk, compared with all other age groups, owing to the waning of maternally
derived antibody and viral shedding by the lactating dam.10 Infections in cheetahs appear to
follow similar patterns, with cubs developing clinical signs in their first few months after
birth?=4: however, to the authors’ knowledge, no studies have been performed to
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quantitatively evaluate the relationship between FHV infection in offspring and their dams
and species-specific risk factors have yet to be identified.

Management practices developed to minimize FHV transmission and outbreaks in cheetahs
are largely based on disease prevention and management in domestic cats.1516 The
Association of Zoos and Aquariums Cheetah Species Survival Plan? recommends physical
separation of pregnant cheetahs from other cheetahs and minimization of the number of
naive cubs at a given time. If cubs develop FHV lesions, removal of the cubs from the dam
should be considered to eliminate continual exposure to the virus and facilitate treatment.
Sometimes cubs are preemptively removed and hand reared when a dam has a history of
passing FHV to her offspring.

Killed-virus vaccines are currently recommended to be administered at 6, 9, 12, and 16
weeks of age as maternally derived antibody wanes. Regular booster vaccination for
breeding and pregnant females is also recommended. However, vaccination against FHV
infection does not completely prevent infection or disease, nor does it prevent viral shedding
by infected individuals, although it may reduce infection severity or viral load.17-19
Hygienic practices of animal caretakers during outbreaks are encouraged to minimize the
potential for FHV transmission through fomites.2 Although these recommendations have
merit, they are based on educated guesses and anecdotal experiences along with what is
known about FHV transmission in domestic cats. A need remains for the development of
strategies on the basis of the unique biological characteristics of cheetahs and their
management. Given the continued transmission of FHV among cheetahs, the purpose of the
study reported here was to evaluate the relationship between dam and offspring FHV status
and to identify factors associated with development of clinical FHV infection in zoo-housed
cheetahs.

Materials and Methods

Animals

The cohort of cheetahs used in this study was a subset of a previously described20 group of
322 cheetahs housed between 1988 and 2007 in 6 North American zoological institutions
where cheetahs have been historically housed and bred (Columbus Zoo and Aquarium,
Fossil Rim Wildlife Center, Smithsonian National Zoo, San Diego Zoo Safari Park, St Louis
Zoo, and White Oak Conservation Center). The source cohort was identified by means of
institution inventory and global record databases.2

For the present study, cheetahs were only included if they were born at the 6 institutions
mentioned during a period when there was potential FHV exposure. For most of the
institutions mentioned, this included cheetahs born throughout most of the study period, but
1 institution did not have any known cases of FHV infection until 2001. Cheetahs were
excluded if they died or were shipped to another zoological institution prior to 7 days of age.
Each cheetah was monitored in the medical records from birth to up to 18 months (78
weeks) of age, which represented the time during which cheetahs were generally housed in

aInternational Species Information System, Bloomington, Minn.
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family groups with their mother and siblings. These criteria resulted in a study population
for which complete medical histories were available and incident episodes of clinical FHV
could be identified and further evaluated.

FHV infection

Outcome

Risk factors

Feline herpesvirus infection status was determined for included cheetahs and their dams on
the basis of previously described criteria.20 Briefly, medical histories of all cheetahs were
reviewed by use of electronic dataP and paper medical records to identify cheetahs with
diagnostic evidence or clinical signs consistent with FHV infection. Cheetahs were
considered to have FHV infection when they had documentation of at least 1 of the
following 3 criteria: corneal ulcers or keratitis without a history of trauma to the eye or
evidence of neoplasia; a pattern of clinical signs persisting = 7 days that included
conjunctivitis, epiphora, blepharospasm, ocular discharge, corneal lesions, sneezing,
congestion, nasal discharge, and focal to multifocal skin ulcers, dermatitis, or skin lesions
(limited to areas of ocular and salivary secretion and where cheetahs commonly lick
themselves [eg, forelimbs]) described as crusted or scabbed; or diagnostic confirmation of
FHV infection by PCR assay, immunofluorescent antibody techniques, viral culture, or
presence of characteristic viral inclusion bodies on histologic examination. Exclusion
criteria outlined in the previous report20 were applied to all case definitions.

The study outcome was time at risk until a cheetah had a clinical episode that met the
criteria for FHV infection. Cheetahs were monitored in the records for up to 18 months from
birth to diagnosis of FHV infection. Cheetahs with no diagnosis of FHV infection continued
to be followed in the records and accumulate time at risk until 18 months of age, unless any
of the following happened first, at which point they were censored: shipment to other
zoological institutions, death from a cause other than FHV infection, or conclusion of the
study (December 31, 2007). Although the time unit for all analyses was weeks, some data
presented herein are summarized as months to facilitate interpretation.

The FHV infection status of the dam was the main factor of interest. This was evaluated as a
dichotomous variable (yes or no) on the basis of the medical history of the dam before the
cub was born. Information on missing observation periods for the dam was also summarized.
Severity of infection in the dam was explored as an alternative indicator of dam infection
status by use of previously reported criteria.2? Briefly, a history of a dam ever having
aggressive or invasive treatments for FHV disease prior to a cub’s birth was classified as
indicating severe disease in the dam. This included surgical procedures (keratectomy,
tarsorrhaphy, cryosurgery, or debridement of the cornea), use of immunosuppressive
interferon treatment, treatment with antiviral drugs, or treatments administered
subconjunctivally. A history of treatment only for minor signs of FHV infection prior to a
cub’s birth (ie, ophthalmic drops) or no treatment was classified as indicating mild disease.

b.MedARKS, International Species Information System, Bloomington, Minn.
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Additional evaluated factors included sex (male or female), birth year (evaluated as a
continuous variable with actual year of birth; range, 1988 to 2007), litter size (range, 1 to 6
cubs), size of facility cheetah population when each cub was born (range, 6 to 36 cheetahs),
whether the cub had been hand reared (pertained to cubs that had been removed from the
dam during the first week after birth; yes or no), dam parity (primiparous or multiparous),
whether the dam had at least 1 cub from a previous litter infected with FHV (only evaluated
in known multiparous dams; yes or no), dam age at cub birth (natural logarithmic
transformation; range, 3.5 to 10 years), and FHV vaccination status of the dam prior to
parturition. For dam FHV vaccination status, 3 groups were created: MLV booster
vaccination (dam initially vaccinated with a KV vaccine,® then revaccinated 3 weeks later
with an MLV vaccined prior to breeding, followed by a KV vaccine booster while pregnant),
vaccinated only with a KV vaccine while pregnant, and no booster vaccination while
pregnant. Institutional effects by themselves were not evaluated because of sparse data and
low statistical power for estimating effects across the 6 institutions mentioned. Age by itself
could not be evaluated because it was used as the time scale but was incorporated into the
baseline hazard function of the survival analysis.

Statistical analysis

Risk factors for clinical FHV infection in cubs were evaluated for the entire cohort and then
for the subset of cubs with an FHV-infected dam by calculation of HRs and corresponding
95% Cls. Univariate Cox proportional hazards regression was first used to calculate HRs and
to test proportional hazards assumptions by entering an interaction term for each variable
with the natural logarithm of time to FHV infection. Purposeful multivariable model
selection?! was then performed by creation of a multivariable Cox proportional hazards
model containing the main variable of interest (dam infection status), birth year (to account
for management and diagnostic changes over time), and other variables identified as having
a liberal Pvalue (< 0.25) in univariate models for the association with FHV or for changes in
the HR over time.

In addition, variables for which the proportional hazards assumption was violated indicating
potential effect modification were further evaluated. Because evidence was found that
hazards were not always proportional, models were stratified by time period (ie, 0 to 3
months of age [when cubs were likely nursing] and > 3 to 18 months of age [when cubs
were generally housed in family groups]). Variables were then removed 1 at a time on the
basis of Wald P values, with the variable that had the highest £ value removed first and the
process continued until included variables were either significant (£ < 0.05) or purposely
retained. Dam infection status and birth year were retained in all models; some variables
were retained in the model constructed for 1 time period despite a lack of significance
because they were significant in the model for the other time period. Presence of effect
modification was also evaluated by inserting an interaction between 2 predictor variables
into the model, and this interaction term was retained if significant.

C.Fel-0-VAX and FELOVAX-PCT, Boehringer Ingelheim Vetmedica Inc, St Joseph, Mo.
d-pUREVAX Feline 3, Merial Inc, Duluth, Ga.
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Each variable previously removed was reentered into the model to determine whether it
represented an important confounder of the relationship between cub FHYV infection status
and dam infection status as indicated by a = 10% change in the HR for that variable. The
final, most parsimonious models were chosen on the basis of the inclusion of significant
predictors or those important in other models, identified confounders and effect modifiers,
biological plausibility, and robustness of models.

In all analyses, a robust sandwich covariance matrix was used to adjust the variance to
account for correlation between cheetahs with the same dam.?2:23 Tied events, or cheetahs
with FHV infections that occurred at the same survival time, were handled by use of the
exact conditional probability methods.24

The potential effect of misclassification of FHV status in cubs was evaluated by excluding
30 cubs with signs of FHV infection but no laboratory confirmation, while controlling for
birth year because the availability of tests increased over time. The potential effect of
missing information for dams that joined the population as adults and were not observed for
FHV infection from birth was assessed by excluding the 90 cubs that had dams with no
clinical signs but without complete early observation, while controlling for birth year. All
tests were 2-sided, and values of £ < 0.05 were considered significant. All analyses were
performed with the aid of statistical software.®-9

One hundred forty-four cheetahs were born into the source cohort during the study period
and were included in the study, representing 46 litters from 26 dams. Of these, 50 cheetahs
developed signs of an FHV infection during the 18-month follow-up period (Table 1) for a
cumulative incidence of 35% (95% CI, 27% to 43%) and an incidence rate of 4 cases/10
cheetah-years at risk (50 cases/6,483 cheetah-weeks at risk). One cheetah was euthanized
because of severe FHV infection, yielding a case fatality rate of 2.0% (1/50). Cheetahs
excluded from analysis of particular putative risk factors included 3 cubs cross-fostered to
other dams (analyses involving hand rearing), 19 cubs for which there productive history of
the dam was unknown (analyses involving dam parity), and 77 cubs that lacked a known
multiparous dam (analyses involving previous litter infected with FHV).

Development of a clinical FHV infection was first noted to occur from 8 days through 16
months of age (Figure 1). Twelve (8%) cheetahs had first clinical signs of FHV infection as
early as 2 weeks of age, suggesting that a large proportion of total infections (12/50 [24%])
were acquired within a few days after birth, assuming the 2- to 6-day incubation period for
domestic cats applies to cheetahs.2° Sixty (30/50) percent of affected cheetahs first
developed clinical signs during the nursing period (0 to 3 months), for an incidence rate of
11.3 cases/10 cheetah-years at risk (30 cases/1,375 cheetah-weeks at risk). Most FHV
infections in this group (19/30 [63%]) were first noticed during the first month after birth.
The incidence rate during the postweaning, juvenile period when cheetahs were generally

€.PROC PHREG, SAS/STAT, version 9.3, SAS Institute, Cary, NC.
9-Therneau T. A package for survival analysis in R, version 2.38. Available at: CRAN.R-project.org/package=survival. Accessed Dec

1, 2015.
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still housed with their mother and siblings (> 3 to 18 months of age) was 2 cases/10 cheetah-
years at risk (20 cases/5,108 cheetah-weeks at risk).

Overall, 28% (41/144) of cheetahs were born to dams that had a history of clinical FHV
infection (ie, FHV-positive dams; Table 2), with an incidence rate of 15 cases/10 cheetah-
years at risk (41 cases/1,443 cheetah-weeks at risk). A higher proportion of cubs with an
FHV-positive dam developed an FHV infection (18/41 [44%)]) than did those with FHV-
negative dams (32/103 [31%]); however, this difference was not significant (P= 0.14).
Outcomes for FHV infection in cubs differed by dam infection status. For cheetahs from
FHV-positive dams and multicub (> 1 cub) litters, all offspring in 2 such litters and no
offspring in 3 such litters developed an FHV infection; for offspring in the remaining 6
litters, outcomes were mixed. Regarding cheetahs from FHV-negative dams and multicub
litters, all offspring in 4 such litters and no offspring in 15 such litters developed an FHV
infection; for offspring in the remaining 8 litters, outcomes were mixed.

Risk factors for development of FHV infection

Dam FHV status (infection or no infection prior to cub birth) was not a significant predictor
of subsequent FHV infection in cubs in the univariate analysis (Table 1; Figure 2), nor was it
a significant predictor in multivariable analyses that considered potential confounders, effect
modifiers, and follow-up period (Table 3). Limiting cases of FHV infection to only cheetah
cubs with laboratory-confirmed infection (n = 20; excluding 30 nonconfirmed but clinically
compatible cases), while controlling for birth year, did not change this relationship (HR, 2.4;
95% Cl, 0.6 t0 9.2; P=0.21). Exclusion of 90 cheetahs with dams that had never been
recorded as having an FHV infection and had not been completely observed since birth,
while controlling for birth year, yielded an HR of 7.2 (95% ClI, 0.9 to 56.5), but this
association was not significant (P= 0.06). Severity of the dam’s prior FHV infection (severe,
mild, or no FHV infection) was also not a significant predictor of subsequent FHV infection
in the cub.

Other than the dam’s prior infection status, which despite a lack of significance was believed
a priori to have a biologically plausible association with the outcome of interest, factors that
met the selection criteria for evaluation in the multivariable analyses involving all cheetahs
included dam parity, dam vaccination status prior to parturition, and cheetah litter size (Table
1). Population size at the time of each cub’s birth was also examined in multivariable models
because of evidence of effect modification. The time-adjusted final models revealed a
substantial risk of developing FHV infection during the first 3 months after birth among
cheetahs with a dam that had received a preparturition FHV vaccine regimen involving an
MLV vaccine or only a KV vaccine while pregnant, compared with the risk for cheetahs
with dams that had received no preparturition vaccine (Table 3). Effects of the MLV vaccine
regimen could not be evaluated for the later period (> 3 to 18 months of age) because all
cubs with a dam that had received that regimen either had already developed an FHV
infection (all infections occurred by 6 weeks of age) or were censored (n = 3; 2 cubs were
transferred to another facility, and 1 cub died of causes unrelated to FHV). In neither age
group were significant differences identified in FHV infection risk between cheetahs with
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dams that received a KV vaccine during pregnancy and those with dams that received no
preparturition vaccine (Figure 3).

Time-stratified model estimates of the HR indicated that cheetahs from larger litters were
less likely to develop FHV infection during the first 3 months after birth than cheetahs from
smaller litters, but this association was not sustained in the later age period (Table 3). The
hazard did not differ by dam parity during the first 3 months after birth; however, from > 3
to 18 months of age, cheetahs with a primiparous dam more often developed FHV infection
than those with a multiparous dam.

When analysis was limited to 41 cheetahs that had a dam with a history of clinical FHV
infection, no significant difference in hazard was identified with respect to a dam’s severity
of infection (Table 2). All other factors met the selection criteria for evaluation in the
multivariable analysis. This final model for the first 3 months after birth included cheetah
birth year (HR, 0.90; 95% CI, 0.80 to 1.10; A= 0.28), cheetah sex (male vs female; HR,
4.60; 95% Cl, 1.50 to 14.30; A= 0.008), and dam preparturition vaccine status. By this
model, an FHV infection was more likely to develop in cheetahs with dams that had received
the MLV vaccine regimen before parturition than in cheetahs with dams that had received no
preparturition vaccine (HR, 8.70; 95% ClI, 1.80 to 43.10; £=0.008). However, cheetahs with
dams that received only the KV vaccine before parturition had no different hazard of
developing an FHV infection than cheetahs from unvaccinated dams (HR, 2.80; 95% ClI,
0.70 to 11.90; P=0.15). Because only 23 cheetahs were available for the 12-week to 18-
month period, a multivariable model was not developed for this period.

Notably, hand rearing was not a significant predictor of cheetahs developing an FHV
infection in any of the univariate or multivariable models.

Discussion

The study reported here represents the first population-level characterization of disease
incidence and evaluation of risk factors for clinical FHV infection in zoo-housed cheetahs.
Our findings confirmed the importance of this disease in young cheetahs, with 35% (50/144)
developing clinical signs during the first 1.5 years after birth. The high incidence of clinical
disease during this period represents an important component of the high prevalence
previously reported?® and supports the consensus that FHV is widespread and infection is
endemic in captive cheetahs.? Further, a large proportion of these infections occurred during
the first month after birth. This was consistent with FHV case series reports®# involving
cheetah cubs and findings reported for domestic cats, in which kittens are believed to be
important in maintaining the infection cycle.1% However, incident infections should not be
considered exclusive to cubs. Cheetahs in the present study continued to develop incident
clinical FHV infections throughout (and also beyond) the 18-month follow-up period.
Although individual cheetahs were not monitored through adulthood for the purposes of this
study, it is noteworthy that at least 8 cheetahs considered negative for clinical FHV infection
at 18 months of age had documented clinical (and sometimes severe) disease later in life
(age range of incident clinical disease, 1.6 to 8.6 years; data not shown).

JAm Vet Med Assoc. Author manuscript; available in PMC 2019 February 11.
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The primary focus of the present study was on the risk of cheetahs developing a clinical
FHV infection during the early months after birth, particularly as related to potential
transmission from the dam. We found that a history of clinical FHV infection in the dam was
not a predictor of development of clinical FHV infection in cubs, although the Pvalue for
this association was close to the cutoff for significance (£ = 0.07) for cheetahs during the >
3- to 18-month period. This lack of association was unexpected given that FHV transmission
has commonly been attributed to recrudescence and viral shedding by latently infected
cheetah dams. Although this finding may indicate that FHV-related clinical illness is not a
reliable predictor of true FHV status, it may also reflect the inconsistency of viral shedding
by infected dams. In domestic cats, the prevalence of shedding by dams is variable, even
following experimental infection.1? Transmission of FHV from queens to their kittens
following experimental infection has been demonstrated; however, not all infected queens in
that studyl9 shed FHV, only 4 of 12 kittens from queens with detectable shedding developed
clinical disease, and some kittens never developed signs yet became carriers with
measurable immunity against the virus.10

The shedding and transmission pattern of FHV may be similarly variable among cheetahs,
given that FHV-positive dams in the present study had a combination of affected and
unaffected cubs in 55% of litters and had no clinically affected cubs in 27% of litters. We
also found that 31% of cheetah cubs with dams with no history of an FHV infection
developed clinical disease. Alternatively, the potential exists for exposure from close contact
with other infected felids.>-1% Although the virus does not persist well in the environment,
indirect transmission through fomites is considered to play a role in animal shelters and
catteries!® and was considered a possible mode of transmission for an outbreak observed in
a group of semicaptive cheetahs.! Therefore, consideration of other potential sources of
FHYV, isolation, sanitation, and disinfection remain critical in cheetah facilities.

Whereas findings of the present study suggested that sources of FHV exposure beyond the
dam may be important for cheetahs in zoos, they also raised a question regarding the role of
undetectable, subclinical carriers in the transmission cycle. A true association between FHV
infection in offspring and dams may have been masked if the presence or absence of clinical
signs was not a good indicator of the true FHV disease status or shedding in dams.28

In domestic cats, studies have involved identification of FHV cases on the basis of viral
shedding, which was not measured in the historical cohort of cheetahs in the present study
and which would be difficult to evaluate, even prospectively, in this endangered species. In
clinical zoo practice, diagnosis of FHV infection is often based on clinical signs alone owing
to logistic challenges and risks associated with anesthesia and sample collection from a large
carnivore. Specific patterns of clinical signs, coupled with results of laboratory diagnostic
tests, in health records of cheetah cubs and their dams were used to identify cases of FHV
infection.20 Although other causes of upper respiratory tract disease exist (eg, feline
calicivirus, Chlamydophila felis, Bordetella sp, and Mycoplasma spp), disease due to FHV
appears to be the most widespread given the numerous reports in the literature and expert
knowledge.227
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Case definitions in the present study excluded other causes of respiratory disease when
identified,20 but this did not eliminate the possibility that clinical signs observed in the 30
cheetahs without laboratory confirmation were related to other pathogens or concomitant
infections. To evaluate potential effects of misdiagnosis of FHV infection in cubs, a smaller
subset of 20 laboratory-confirmed cases and 94 cubs with no clinical signs was used. This
analysis also revealed no association between dam FHV status and development of clinical
FHYV infection in cubs.

Another potential source of misclassification bias for dams in the present study was the
incomplete nature of some health records. If observation was not continuous since birth and
if a dam had clinical FHV infection as a cub, then clinical FHV infection may not have been
noted in the reviewed medical data. This could have led to classification of a latently
infected dam as FHV negative. Therefore, a subset analysis was performed to include only
cheetahs with dams that had complete follow-up data available since birth (n = 62).
Although these dams disproportionally represented dams born in the earlier years of the
study and the reference group of dams without clinical signs was small, the HR estimate was
larger for this comparison and the P value was close to the cut-off for significance (HR, 7.2;
95% Cl, 0.9 to 56.5; £=0.06). This finding could be perceived as supporting a role of the
dam in the epidemiology of FHV infection in cheetahs, but also highlights the difficulty in
identifying dams that may shed FHV.

Like domestic cats,10 some cheetahs may be subclinical carriers that never develop clinical
signs. Thus, clinical signs alone may not be a sensitive measure of infection status. With
respect to clinical management in zoo settings, the present study showed that the observed
clinical status of a dam was not a robust predictor of whether her offspring would develop a
clinical FHV infection. Disease management decisions, such as removing cubs from dams,
should not be based solely on the clinical history of the dam, but should take into account
subclinical carrier status and other important drivers of FHV transmission and disease
susceptibility.

The most important predictor of clinical FHV infection in the cheetahs of the present study
was vaccination of the dam with a regimen that included a KV vaccine followed by an MLV
vaccine as a pre-breeding booster, then another KV booster while pregnant. Careful
interpretation of this finding is warranted because the data were limited by small numbers of
dams at 1 institution receiving the MLV FHV vaccine regimen late in the study period.
However, the strong association between FHV infection and a dam having received the
preparturition MLV vaccine regimen persisted even when data analysis was limited to that
institution (data not shown). Bias could have been introduced by administration of the MLV
vaccine to dams that had a history of passing FHV to their cubs, although these dams also
had a history of having cubs with no clinical signs. Residual confounding by time or other
institution-specific factors that were not accounted for in the present study may also have
existed. Despite these limitations, the dam vaccination predictor was highly significant and
the effect was large when considering all cheetahs and also just those with FHV-positive
dams.
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Modified-live virus vaccines against FHV are more protective than KV vaccines,?8 and
response to MLV vaccination in cheetahs is favorable2%; however, MLV vaccines can cause
disease.30:31 Such vaccines may have been associated with severe, chronic FHV infection in
a cheetah,? and vaccine-associated disease has been identified in other nondomestic feline
species.32 If MLV infection promotes undetected viral shedding in cheetah dams, then
transmission to offspring may occur. Pending efficacy studies, it has been suggested that
MLV vaccines could be used as boosters for cheetah dams before breeding to further
enhance the immune system and may help decrease the severity of clinical lesions in
offspring.2 The cheetah cubs that developed clinical FHV infection in the present study after
their dam received the MLV vaccine all had mild clinical signs and did not develop severe
disease after the study ended. Our findings, therefore, raise an important question as to
whether the preparturition MLV vaccine regimen for cheetah dams could both promote mild
disease expression (as we observed) and also be protective against severe manifestations of
disease in offspring. Additional studies are needed to investigate this possibility.

Until the risks are well understood and vaccine efficacy has been established in cheetahs, we
recommend caution in use of the MLV FHV vaccine near the time of parturition. Existing
recommendations for disease prevention include vaccination of the dam with a KV vaccine
during pregnancy to increase the amount of maternal antibody transferred to the cubs.233 In
the cheetahs of the study reported here, preparturition vaccination of the dam with a KV
vaccine was not effective in significantly reducing the risk of infection in cubs, but there also
was no greater risk of cubs subsequently developing an FHV infection than that for cubs
with unvaccinated dams, regardless of the cohort examined. Therefore, these vaccines may
not be warranted as a population-level method of preventing FHV infection but should not
increase the risk of FHV when a polyvalent vaccine that includes protection against FHV is
administered to manage other diseases. Our findings suggest the need for well-controlled,
randomized trials to determine FHV vaccine effectiveness in cheetah populations.

Clinical FHV infection was more likely in cheetah cubs in the present study that had
primiparous versus multiparous dams, but only from > 3 to 18 months of age. First parity
cheetah dams, as opposed to multiparous dams, have less mothering ability and their cubs
grow slower,3435 which may promote disease transmission or expression. In livestock,
primiparous dams reportedly have lower amounts of colostrum and colostral antibody.36:37
Longer intervals from birth to nursing may also be characteristic of first-time dams and can
decrease colostral antibody concentrations as well as the ability of the neonate to absorb
antibodies.3"38 Adequate colostral antibody transfer is important for cheetahs given that the
feline endotheliochorial placenta allows only limited transplacental passage of antibody. The
negative effect of a primiparous dam may manifest in the period after 3 months of age as
circulating concentrations of maternally derived antibody decline below a protective level. In
domestic kittens, colostral antibody interfered with the immune response to FHV
vaccination from 2 to 10 weeks of age in some studies to > 16 weeks of age in others, with
the duration of interference related to initial maternally derived titers.3°

Cubs from larger litters, which would allow more susceptible cubs to be in contact with and
potential amplification of viral exposure from sick siblings, were no more likely to develop
an FHV infection than cubs from smaller litters in the present study. For many of the
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affected litters, clinical disease spread to only a portion of the cubs and the risk of FHV
infection decreased during the first 3 months after birth as litter size increased. For other
alphaherpesviruses with adverse reproductive effects, smaller litter size could indicate
infected dams; however, pregnancy losses in domestic cats are uncommon with FHV and
have been attributed to disease severity rather than the direct effect of the virus.4? Litter size
can affect all-cause mortality rates in domestic cats*! and captive tigers,*2 with the highest
rate in singleton litters, although the reasons are unknown. Findings of the present study
suggested that it is important to consider risk of clinical FHV infection at the cub level rather
than litter level and that infection in 1 cub in a litter does not predict the outcome for its
siblings.

Males are reportedly at higher risk of and have a poorer prognosis for infectious diseases
than females across species. This is attributed to sex-related differences in both immune
function and behavior.43 In humans, respiratory disease is more common in males than
females at all ages, including infancy.#4 For FHV infection in the present study, the
increased risk for males was significant only for cubs with FHV-positive dams. Although
this finding suggests the need for further studies of sex-related health differences, it offers
limited opportunity for management intervention.

Removal of the cub from the dam for hand rearing within the first week was not significantly
associated with a reduction in the incidence of FHV infection in the present study. It is
recommended that young cubs with severe clinical signs be removed from the dam and hand
reared to help improve the clinical course of disease.? Because we focused exclusively on
incident cases of clinical infection, we did not evaluate whether removal of the offspring
after signs were observed helped improve the clinical course of disease. Additional research
is needed to determine whether this practice is beneficial.

The retrospective cohort design of the present study allowed the capture of clinically
relevant incident FHV infections as they naturally occurred and allowed calculation of the
instantaneous hazard of developing an infection at any point during the study period.
Censoring the population according to the 18-month timeline aided in ascertaining an
appropriate group for ascribing risk profiles related to the dam and minimized the effects of
potential biases resulting from prolonged follow-up periods.#> Analyses took into account
the expected correlation between individuals with the same dam, so findings are applicable
to individual cheetahs rather than exclusive to a litter. To obtain a large enough sample size
with variability in the distribution of disease and exposures, data were pooled across
institutions. Sparse data precluded the ability to examine effect modification or control for
institution-level effects in the analyses. Although some inherent differences among
institutions were captured in the evaluated variables (eg, population size, hand rearing, and
dam vaccinations), institutional effects may have been unaccounted for, thereby limiting the
generalizability of our findings.

In the study reported here, variables were analyzed for which a biologically plausible
hypothesis existed for explaining differences in disease risk between cheetahs and for which
high-quality information was available for most members of the population. Factors not well
captured in the medical data that may have further shed light on the epidemiology of FHV
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infection in cheetahs included the precise time at which clinical signs began, duration of
apparent infection, results of all FHV diagnostic tests (often missing in clinical records),
concomitant illnesses, maternal care received, days of bottle feeding, and birth weight.
Acute and chronic stress in captive populations may be associated with disease expression.
946 \We could not specifically evaluate stressors, such as medical treatments, corticosteroid
administration, animal movements, enclosure characteristics, nutrition, and human contacts.
Measurement of maternal viral shedding, amount of maternally derived antibody received by
cubs, and maternal response to vaccination may also be important to understand disease
patterns, given that these can vary across individuals.2%47 Direct contact with or proximity
to other animals (infected conspecifics or predators) could not be assessed for most of the
population because of a lack of detailed housing records. Efforts to more specifically capture
episodes of FHV infection and their predictors in the medical and management records are
needed to provide additional insight into the epidemiology of FHV infection in cheetahs.

Findings of the present study can help guide efforts to improve management of FHV
infection in cheetahs housed in zoos and may have implications for wild cheetah populations
in which exposure to FHV has been documented.6-8 Any manifestation of incident FHV-
related clinical disease was evaluated in young cheetahs, including mild, self-eliminating
infections. The results can provide a framework for further investigations of the identified
risk factors and determination of drivers of chronic and severe manifestations of disease that
are the most clinically challenging. Several findings are important to cheetah management,
including the high incidence (35%) identified in cheetahs during the first 18 months after
birth. Dam history of FHV infection was not a good predictor of whether a cub also
developed an infection; therefore, management decisions for cubs should not be based solely
on the clinical history of the dam. Preparturition FHV vaccine regimens that include MLV
vaccines should be further evaluated prior to wide adoption as preventive measures because
they may increase the risk of offspring developing an FHV infection. Finally, offspring of
primiparous cheetah dams, young males, and cubs from small litters should be closely
monitored for development of clinical signs for early intervention if FHV infection occurs.
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Figure 1—.

Age distribution of incident cases of clinical FHV infection from birth to 18 months in 50
young cheetahs (Acinonyx jubatus) housed at 6 zoos.
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Proportion of cheetahs without FHV

04

0.2

Proportion of cheetahs without FHV

Figure 2—.

Kgplan-Meier curves showing the probability of young zoo-housed cheetahs (n = 144)
developing a clinical FHV infection as a function of age from birth to 3 months (A) and > 3
to 18 months (B), stratified by whether the dam did (red line) or did not (blue line) have a
clinical history of FHV infection at any time in the past. Dashed lines represent 95% Cls.
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Kaplan-Meier curves showing the probability of young zoo-housed cheetahs developing a

E clinical FHV infection as a function of age, stratified by whether the dam received a
= preparturition vaccine regimen that included an MLV FHV vaccine? (red line), only a KV
S booster vaccine while pregnant (green line), or no preparturition vaccine (blue line). The
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8
=
>
=
=0
Q
<
)
S
c
%)
Q
=t

JAm Vet Med Assoc. Author manuscript; available in PMC 2019 February 11.



Page 20

Witte et al.

#UMIQ I31JE 33M 1511} 3L UILLIM PaJeal puey yelsayd

290 S0'1-86'0 10T (L8) 10T (99) L'0C ulog sem ye1dayd uaym Auj1oey Je azis uoneindod yelssyd
900 T0'T-15°0 2L0 (zT)6°€ (eT)ge 8zIS JoNI| Yelseyd
090 T T-60 20T (S002-L66T) 2002 (S002-266T) €002 Teak yu1g yessayd
— — UEIETER] (¥9) 15 (09) 5¢ alewad
S7'0 90'¢-2L0 [44 (9v) ev (09) S¢ e
Xas ye1sayd
— — JUEIETEN| (98) 18 (92) 8¢ papJ02al uoKeUIDIRA UuoiLINLedald oN
— 06'9-92°0 ve'T (TT) 0T (29 jueuBaid ajiym Jasooq A AlUO
1000 > L6'6E-8vy  8EET (e)e (29 JueuBaud aiym 4e1soog AM Ag pamoyjoy ‘Buipssig Burinp autoden AT
au190eA AHH uonnuedad e paAladal weq
— — IIEIETER] (82) 6 (91) €1 ON
8.0 9T'€-2r'0 ST'T (za) 11 wa) v SOA
Pl annisod-A\H4 ue pey Ajsnoinaid wegq
— — a1y (09) 05 (ov) L1 snoJedn|nN
8T°0 08'€-8L°0 7 (ev) €€ (09) 52 snosediwiid
.Nb_:a weq
V€0 26'T-ST0 50 E1TY (1)8s #(A) ung Bundsyo Je abe ureq
— — a1y (CYARY] (¥9) z¢ uond3jul ON
— 19'9-6.0 82'C wr) et (82) v1 uondaul Jo subis piiw Ajuo
820 96'€-2'0 860 (tT) ot ®v UORDBJUI 813A3S PRy JaAg
(uioq sem qnd a1043q) A11IBASS UONIBIUI AHH Weq
— — UEIETER] (90 1L (9) € anirefaN
G20 €9'v-19°0 97T (¥2) €2 (9¢) 81 anIsod
uonBUL AH4 40 AI0ISIY [eD1UIO Weq
— — — (82-5¥) 8L (8z-€)6 (4m) pousad dn-mojjo4
anfeAd prem |10 %56 JdH (76 =u)annebou AHS (05 = u) aamsod AHA ansiIeIdeIRyD

a0 4O SYIUOW 8T 0} YMIQ LOLY UOHIRJUI AHA

40 Juswido|anap YM SONSLIB}BIEYD 8S8Y) JO SUOITRID0SSE SJeLIBAIUN 10} SHH pue (snpeqgn/ xAuouray) syelsayd pasnoy-00z BUnoA yiT Jo  sonsueioeseyd

Author Manuscript

Author Manuscript

—T 3lqeL

Author Manuscript

Author Manuscript

JAm Vet Med Assoc. Author manuscript; available in PMC 2019 February 11.



Page 21

Witte et al.

'a1qeaijdde JoN = —
"(THT ‘paseas puey yeisayod [panowsas swep snosediwiid] 29 ‘4ani| aansod-AHS ue pey Ajsnoinaid wep ‘Gzt ‘Aied wep (0gT = u ‘abe wep) Ajuo elep 819]dwod Ylim syeiaayo 1oy um~>_mc<n

‘pasn sem sisAjeue spaezey [euorodold X0D “Wep awes ay) UM syeisayd BUuole SUOIIR|81109 104 JUNOJJ. 0) PASN SI9M SSIBLIISS 3DUBLIEA YDIMPUERS Hm:nom_k

"(%) Jaquinu se palniodal aJe (Sa|qelren Jaylo [[e) elep [eariobared (1eak yuiq yelaayd pue poriad dn
-MOJ|0}) paInqiisip Ajjewiouuou i (abues ajintenbiaiul) ueipaw pue (azis uoireindod yelsayd pue ‘abe wep ‘azis Jani| Ye1eayd) pangrisip Ajjewlou j1 (s) ueaw se payiodal ale ejep Snonuiuod Jo sanjeA

— — Waleey (08) ¥2 (z6) v ON
S7'0 70'€-80°0 050 (02) 61 ®v SBA
anfend plem |10 %56 (dH (v6=u) aanebou AHS (05 = u) aamisod AHS onsiIeIoRIRYD

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

JAm Vet Med Assoc. Author manuscript; available in PMC 2019 February 11.



Page 22

Witte et al.

"A33 JO JopuIeWI 10} T 3]qel 89S

‘(o ‘paJeas puey yeisayd ‘[panowsas swep snosediwiid] 8T = u ‘1an| aAIsod-AHH pey Ajsnoinaid wep) Ajuo eiep a19]dwod Yim syeiaayd J0j pazAjeuy

7
— — a4y (19) ¥T (¥6) 9T ON
€20 18'2-100 020 (6€) 6 ()R SaA
Hst_n J31Je MaaM 1S11J 3yl UlYlIm paleal puey yelsayd
200 8T'T-20'T 60'T (89) 5v1 (02 98T UuIq Je az1s uonendod yelsayd
€00 86'0-59°0 080 (eT) 8¢ (eT)oe 8z1s Ja)| Yyelsayd
89'0 Y1 1-28°0 L6'0  (S002-666T) 5002 (9002-2002) G002 1eak yuig yesvayD
— — PIEIETEN (T9) 1 (99) 01 aewaS
6T°0 Yry-vL0 18T (6€) 6 (v) 8 e
X3S Ue1sayd
— — JUETETEN| (02) 9T (z2) €1 papJo2dal aulddeA uontinuedald oN
— GT'8-60°0 980 (VA9)7 (1€ jueuBaid ajiym Jajsoog AM AlUO
200 9z9T-8v'T 06V (em) € (ne JueuBaid a1ym 131s00g AM Aq pamoyjoy ‘Buipaaig Butinp autaveA AN
AH4 uonunuedaid e panladal weq
— — a4y (62) ¥ (09) 2 ON
080 TL'1-100 080 (ty) ot (09) ¢ SN

#430| PaIOBJUIAHS Ue pey Ajsnolaaid weq

— — a4y (19) vT (287 snoJednny

91’0 G8'21-99°0 26'C (6€) 6 (81) v1 snoJediwiig
Aued weqg
Ly'0 SZ'T-190 880 (9102 (0219 () yyg Bunidsyo Je afe weg

— — JUEIETEN (L9) et (81) v1 PIIN

0€'0 ¥0'2-0T'0 Sr'0 (ev) oT (zav 819A9S
(uloq sem qnd a1048q) A1IBASS UOIDBLUI Wed
— — — 8- vL (82-¢€) T (oym) pouad dn-mojjo4
anfeAd plem 1D %56 14H (ez =u) aniyebou AH4 (8T = u) aninsod AHL a1s1IsIoRIRYD

*ae JO syIuOW 8T 01 YLIQ WO} UoNIsul AHH JO Juswdojansp Yim so1sLIaloRIeyd asay) Jo
SUOIBID0SSE 3JBLIBAIUN 10) SYH PUR UONJajul AH4 10 A101SIY [221UI]2 @ pey Jeyl SWep YIIM SYr1aayd pasnoy-00z BUnoA T 10 18sqns e Jo ,Sonsiialorieyd

—c dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

JAm Vet Med Assoc. Author manuscript; available in PMC 2019 February 11.



Page 23

Witte et al.

*A83 JO JapuIewal 10} T 3]qeL 89S

"abe JO syjuow € Jaye 1I0Yo3 ay} Ul paurewa. yeys pue jutod siyy Aq uonoajul AH- ue padojanap 1ou pey eyl sye1sayd AJuo papnjaul SYluow 8T 03 € < Jo polad ay ._.4N

“eyep Buissiw pue Buliosuad 0} Buimo SYelaayd 68 papnjoul Syluow 8T 0} € < 10} [9pOW [euly ay | “|apow

3y} WOy papnjoxa sem Allied wep pue papnjoul 819Mm SUe1sayd || Usym PaaIasqo a1am aduediiubis pue sqH Je[iwis ‘4anamoy ‘sanfea Ayted wep Buissiw Jo asnedsq syeiasyd GzT AJuo papnjoul syuow
€ 010 10} [apow [euty 8y 'ssad0.d Buipjing [apow sy} Ul payen|eAd a1am SUeIaayd T ‘Wep awes ay) Yl sye1sayd Buowe suolie|a.1iod 10} JUNOJJR 0} Pasn 81aM S3JBLUISS SOUBLIBA UIIMPUES 1SN0y

¥

c00 E6'TEVET §5'9 180 088'T 990 6EV-6€0 TET ¢9'0 120 wep (snosedninw s) snosediwiid
€0 T7'¢-9L°0 SET 0€'0 00€'0 €000 G8'0-G¥'0  ¢90 91’0 87'0- 9ZIS JaNI| Ye1sayd
66°0 S.'S-LT0 860 060 910°0- 90 87'8—8¢'0  ¥S'1 ¥6°0 65°C (our00eA AH- 0U SA) Ao BurdZeA AN

- - - - - 9000 65'¥8-0T'c ¢€CT /80 €Yo (suragen AHA ou sA) au1d9eA A Ag pamoj|o} sutden ATIN

SnJels aulddeA AHH uonunedaid weq

€10 ¢0'1-98°0 €60 S0°0 TL00- 174\ ¥0'T-G80  ¥60 S0°0 90°0- 1eak yuig yesvsyD

100 T€'8-€6'0 8L'C 990  ¥¢0'T 780 9€'6-9¢'0  LT'1T 8L°0 910 uonaajul AH4 [ea1ul]2 Jo Aoisty (aney Jou pIp sA) pey wedq

snjen d 10 %56 gH 3s d snfen d 10 %S6 gH EN d 103064
tmam JO Syuow 8T 01 € < abe Jo syjuow ¢ 03 yuig

*afe JO syluoW 8T 0 € < WOoJy pue abe Jo syIuow € 01 YuIg Wo.y
SUE198Yd pasnoy-00z BunoA ur uonasyul AH4 J0 Jusidolanap 8y} YHM Pajel1dosse S10]0e) JO  S|apow spiezey [euonodoid X0 a|qeLIBAI}NW JO S)NSay

—E dIqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

JAm Vet Med Assoc. Author manuscript; available in PMC 2019 February 11.



	Abstract
	Materials and Methods
	Animals
	FHV infection
	Outcome
	Risk factors
	Statistical analysis

	Results
	Risk factors for development of FHV infection

	Discussion
	References
	Figure 1—
	Figure 2—
	Figure 3—
	Table 1—
	Table 2—
	Table 3—



