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Consideration of Inactivated Rabies Vaccines as

Oral Immunogens of Wild Carnivores

C. E. Rupprecht,’4 B. Dietzschold,14 J. B. Campbell,2 K. M. Charlton,3 and H. Koprowski,’4 ‘The Wistar Institute
of Anatomy and Biology, 3601 Spruce Street, Philadelphia, Pennsylvania 19104, USA; 2Department of Microbiology,
Faculty of Medicine, University of Toronto, Toronto, Ontario, Canada M5S 1A8; 3Animal Diseases Research Institute,
Agriculture Canada, 3851 Fallowfield Road, Nepean, Ontario, Canada K2H 8P9; New address: Thomas Jefferson
University, Department of Microbiology, 1020 Locust Street, Philadelphia, Pennsylvania 19107, USA

ABSTRACT: An experimental j3-propiohactone
(BPL)-inactivated rabies virus vaccine was eval-
uated for the oral immunization of captive rac-
coons (Procyon lotor) and red foxes (Vulpes
vulpes). None of 10 red foxes administered a
single 1.0 ml dose of BPL-inactivated rabies vi-
rus vaccine (PM strain; 100 or 500 �g protein)

per os developed detectable anti-rabies virus-

neutralizing antibodies (VNA) at any time over

8 wk of observation. Foxes were excluded from

further study. In two different groups of five to
six raccoons, each administered a single 1.0 ml

dose of BPL-inactivated rabies virus vaccine
(ERA strain) per os, at concentrations of 100 or
400 �g protein, only a single animal in each

group demonstrated evidence of seroconversion
within 4 wk. In contrast, instillation of a single

dose (500 �g protein) of BPL-inactivated rabies
virus vaccine (ERA strain), directly into the small

intestine via fiberoptic endoscope, or ERA vac-
cine (800 �g protein) instillation to the buccal

cavity by needle-less syringe, resulted in the
production of rabies-specific VNA and protec-
tion against lethal rabies infection in three of
six, and in four of six raccoons, respectively; all
seven control raccoons succumbed to street virus
challenge. These preliminary challenge studies,
while somewhat encouraging, demonstrate that
considerable quantities of purified viral antigen
are required for even minima! oral efficacy
against lethal rabies infection. At the present
time, therefore, potent, self-replicating, atten-
uated, or recombinant viruses offer the most
versatile, economic, efficacious, and safe solu-
tions to terrestrial rabies control of free-ranging

carnivores.
Key words: Rabies, oral vaccination, rac-

coon, red fox, recombinant vaccine, Vulpes
vulpes, Procyon lotor.

The mid-Atlantic raccoon (Proc yon lo-

tor) rabies epizootic, which began as a sin-

gle focus in late 1977 (Centers for Disease

Control, 1982; Jenkins et a!., 1988), is one

of the most intensive wildlife rabies out-

breaks recorded in the United States. It

currently affects the states of West Vir-

ginia , Virginia , Maryland , Delaware,

Pennsylvania, New Jersey, New York,

Connecticut, and the District of Columbia.

Once the outbreak extends from southern

Virginia into North Carolina, raccoon ra-

bies will encompass a geographic belt from

New England to the southeastern region

of the United States, previously affected

by enzootic raccoon rabies. As raccoon ra-

bies entrenchment proceeds along this

heavily populated corridor, human rabies

exposures are expected to increase (Cen-

ters for Disease Control, 1988).

Conventional rabies control approaches,

such as mandatory enforcement of com-

panion animal rabies vaccination and in-

tensified public education concerning the

dangers of exposure to wildlife, are indi-

rect methods only, aimed at protection of

human and domestic animal populations.

In theory, the only direct, ethical, cost-

effective, long-term management of large,

contiguous, enzootic terrestrial wildlife ra-

bies areas is the oral vaccination of free-

ranging carnivores (Baer, 1988) through

the strategic distribution of vaccine-laden

baits (Johnston et a!., 1988). Although the

efficacy of both orthopox virus recombi-

nant (Rupprecht et a!., 1986; Esposito et

a!., 1988) and attenuated (Rupprecht et al.,

1989) rabies vaccines for raccoons has been

demonstrated in the laboratory, initial bi-

ological safety concerns, either potentially

realistic (Rupprecht et a!., 1990) or spec-

ulative (Rupprecht, 1990), have signifi-

cantly delayed widespread deployment of

such vaccines intended for field control of

the mid-Atlantic raccoon rabies outbreak.

Concomitant with laboratory safety and

efficacy evaluations of a vaccinia-rabies
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glycoprotein (V-RG) recombinant virus

vaccine (Ruppnecht and Kieny, 1988) for

raccoons, and ongoing plans for additional

V-RG recombinant virus vaccine field tn-

als in North America (Hanlon et a!., 1989;

Hable et a!., 1992), an alternative expeni-

mental approach was taken to critically

evaluate the utility of inactivated rabies

virus vaccines, administered by the oral or

entenic routes to captive wild carnivores,

as potential immunogens.

To accomplish this objective, the fixed

rabies viruses PM and ERA (The Wistan

Institute Virus Collection, Philadelphia,

Pennsylvania, USA) were each propagated

on BHK-21 cell monolayens, grown at 57

C in Eagle’s minimum essential medium

supplemented with 10% fetal calf serum

(Wiktor, 1973). Cell culture supennatants

were harvested and inactivated by 13-pro-

piolactone (BPL) treatment (1:4,000)

(Wiktor et a!., 1972). The virus suspensions

were then concentrated and purified by

zonal ultra-centnifugation on a sucrose gra-

dient (Wiktor et a!., 1977). Each purified

virus was suspended in phosphate-buf-

fered saline and was adjusted to a protein

concentration of 1.0 mg/rn!. Routine in-

cubation of each vaccine upon BHK-21

cell monolayers, followed by blind pas-

sages of these cell culture fluids onto BHK-

21 cells, and the intracerebral inoculation

of 4- to 6-wk-old ICR mice (Harlan Sprague

Dawley, Indianapolis, Indiana, USA), con-

firmed the absence of active virus in the

vaccine preparations.

Animals consisted of rabies sero-nega-

tive adult foxes (Vulpes vulpes), red ge-

notype, and raccoons, 1 to 5 yr of age,

kindly supplied by the Ontario Ministry

of Natural Resources (Maple, Ontario,

Canada). Prior to handling, all animals

were sedated by the intramuscular admin-

istration of 0.5 to 1.0 ml of ketamine hy-

drochloride (Rogar/STB, Inc., London,

Ontario, Canada) at 100 mg/rn!. Both fox-

es and raccoons were given rabies viral

protein per os by needle-less syringe; how-

ever, only foxes received the PM virus, and

only raccoons received ERA vaccine orally

and additionally by the entenic route, as

follows. Foxes were sedated and five each

were administered either 100 �tg or 500 �sg

of the PM rabies virus vaccine, per os. In

a similar manner, three groups of raccoons,

five to six animals each, were sedated and

administered a single 1 .0 ml dose of either

100 �tg, 400 zg, or 800 �ig of the ERA rabies

vaccine, per os. A fourth raccoon group

received 0.5 ml of the ERA rabies vaccine

(500 �sg) by instillation directly into the

duodenum. Vaccine was applied through

a catheter threaded into the small intes-

tine, from a fiberoptic endoscope which

had been introduced through the animal’s

rnouth into the stomach, following appro-

priate antiemetic and antisalivation treat-

ment, as previously described in detail for

foxes (Lawson et al., 1989). Blood samples

were collected from foxes and raccoons at

0, 14, 50, and 60 or 90 days after vaccine

administration. Sera were stoned at -20 C

prior to analysis for rabies virus-neutral-

izing antibodies (VNA) by the modified

rapid fluorescent focus-forming inhibition

microtest (Zalan et a!., i979), using ERA

virus as challenge, with results calculated

as the reciprocal of the highest two-fold

dilution resulting in virus neutralization.

Seroconversion was considered to occur on

the basis of at least a four-fold rise in com-

parison of paired test sera. Animals were

observed daily for clinical signs of illness

resulting from vaccination.

All animals remained healthy through-

out the observation period. In contrast to

raccoons receiving larger doses of ERA

vaccine, none of the 10 red foxes admin-

istered the PM vaccine per os developed

rabies VNA by day 60; foxes, therefore,

were excluded from further study. Simi-

larly, in each of the raccoon groups given

lower doses of ERA vaccine per os at 100

or 400 �g, only a single animal each

developed rabies VNA titers of �32. Con-

sidering this rather poor antibody re-

sponse, these two raccoon groups also were

excluded from additional study. Such neg-

ative findings corroborate previous re-

search (Debbie et a!., 1972; Black and
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Lawson, 1973; Lawson et al., 1989) that

documented the lack of immunogenicity

of other inactivated rabies viral antigens

delivered via the buccal route to red foxes.

While Baer (1975) reported that macti-

vated nervous tissue vaccine protected six

of 14 foxes against rabies, the use of an

explosive ‘ ‘coyote-getter’ ‘ device to deliver

the vaccine could be considered akin to

parenteral vaccination because of the ne-

sulting damage to buccal mucosa.

In the six raccoons administered 500 �tg

of BPL-inactivated ERA rabies vaccine via

endoscope, three animals demonstrated

seroconversion by day 14 (Group 1 , Table

1), with VNA gradually declining within

S mo. Only these three raccoons with de-

monstrable VNA from the entenic vacci-

nation group survived lethal intramuscular

challenge on day 90 with 1 x lO�
MICLD�/ml of street rabies virus strain

MD5951 (Rupprecht et al., 1989), whereas

all control raccoons succumbed. In com-

parison, four of six raccoons administered

a single 800 �tg dose of BPL-inactivated

ERA rabies virus vaccine per os demon-

strated rabies-specific VNA by day 14.

These VNA persisted for at least S mo. The

two other vaccinated raccoons, without ev-

idence of any senoconvension, succumbed

to experimental challenge (Group 2, Table

1); surviving vaccinates remained healthy

until the time of routine euthanasia by in-

travenous barbiturate overdose 90 days

post-challenge. Serological response post-

challenge was not specifically measured.

All surviving vaccinates, as opposed to all

seven controls and the five vaccinated rac-

coons which succumbed to experimental

challenge, were negative for rabies virus

antigen in brain material examined at nec-

ropsy, using the fluorescent antibody test

as described by Goldwassen and Kissling

(1958).

It is not known if the foxes and raccoons

given lower concentrations of vaccine per

os would have been protected against ra-

bies, in lieu of primary VNA development.

Whereas the higher concentrations of ERA

vaccine were incompletely effective in

TABLE 1. Anti-rabies virus-neutralizing antibody

(VNA) titers and response to rabies challenge’ in rac-

coons (Procyon lotor) given a single dose of inacti-

vated purified rabies virus vaccine via endoscope or

per os.

Rabies VNA titers

Day Day Day Response to
Day 0 14 30 90 challenge

Group 1. Endoscope (500 izg)

Animal number

3 �8 256 512 64 Survived

13 �8 �8 �8 �8 Died (day 24)

18 �8 32 32 �8 Survived

25 �8 32 32 �8 Survived

26 �8 �8 �8 �8 Died (day 19)

27 �8 �8 �8 �8 Died (day 25)

Group 2. Oral (800 gig)

4 �8 32 64 128 Survived

5 �8 256 512 256 Survived

6 �8 64 128 128 Survived

12 �8 �8 �8 �8 Died (day 19)

19 �8 �8 �8 �8 Died (day 25)

28 �8 32 64 32 Survived

Raccoons were inoculated intramasseter on day 90 with 0.3

ml(1 x 10” MICLD,,/ml)of street rabies virus strain MD5951

challenge, in which all control raccoons (n = 7) succumbed

in 18 to 25 days.

producing 100% senoconvension on protec-

tion, it is unlikely that these other, less

concentrated preparations contained suf-

ficient antigenic mass for prevention of

lethal disease. While other self-replicating

rabies virus vaccines administered per os

to raccoons may adequately prime some

animals against street virus challenge with-

out detectable levels of VNA (Rupprecht

et al., 1989), insufficient information is

available as to the specific comparative im-

munogenic mechanisms of modified live

versus inactivated oral rabies vaccines. Al-

though inherent biological differences in

immunological effector response also may

be related to host species or rabies vaccine

strain (Dietzschold et a!., 1987), this facet

could not be directly explored because f ox-

es were not given inactivated ERA vaccine

by either route, or inactivated PM vaccine

by entenic means, and PM vaccine was not

tested in raccoons. Additionally, the re-

sponse to inactivated vaccine administered
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via baits also was not evaluated; imrnu-

nization per os may be quite different than

immunization by baits.

Other workers (Nicholson and Bauer,

1981; Atanasiu et a!., 1982; Lawson et a!.,

1982; Brochier et al. , 1985; Campbell et

a!., 1985; Crick et a!., 1985; Lawson et a!.,

1989) have suggested that oral on entenic

vaccination with rabies antigen in a van-

ety of species may result in various levels

of seroconversion. However, the data con-

tamed herein, albeit limited, are the first

experimental demonstration of the poten-

tial protective efficacy against lethal rabies

challenge of orally administered inacti-

vated rabies virus vaccines in a relevant

carnivore host. For example, Lawson et a!.

(1982, 1989) showed that rabies VNA was

induced in some ned foxes following the

administration of two doses of rabies an-

tigen directly to the lumen of the duode-

num and that entenic administration of an-

tigen produced an anamnestic response in

previously vaccinated foxes. Unfortunate-

ly, none of those foxes was challenged with

rabies virus. Similarly, Brochier et a!. (1985)

reported that even red fox cubs that did

develop rabies VNA from oral inactivated

vaccine administration still succumbed to

experimental challenge. Thus, the distinc-

tion of rabies vaccine efficacy should be

based on utility of protection against dis-

ease in the natural host under study, not

merely the capability to elicit VNA.

Despite the protective capacity of in-

activated vaccine, the large concentrations

of purified viral antigen apparently re-

quired to induce systemic immunity by

the oral route may render this method im-

practical for use in the lange-scale control

of rabies in free-ranging carnivores at the

present time. For example, most modified

live rabies viruses used for oral immuni-

zation range in concentrations of 1 x i0�#{176}

to i0�#{176}pf u/rn! (Baer, 1988; Debbie et a!.,

1972; Lawson et a!., 1982; Prevec et a!.,

1990; Rupprecht and Kieny, 1988; Rup-

pnecht et a!., 1989; Wandeler et a!., 1988).

In contrast, it is estimated that viral con-

centrations of 1 x 10’#{176}pfu/rnl or higher

would be required to routinely manufac-

tune sufficient harvest for an adequate in-

activated oral immunogen by today’s pro-

duction methods. Whereas use of lower

titered modified live vaccines for Euro-

pean red foxes are cost-effective when con-

sidened against the actual costs incurred

otherwise for rabies control (Schneider et

a!. , 1988), the amount of equivalent in-

activated vaccine per os would probably

be prohibitively expensive.

Little is known concerning the mecha-

nisms of vaccination with purified proteins

administered via the buccal route. Gastro-

intestinal contents are highly deleterious

to viral antigens once the stomach is

reached (Baer, 1988; Lawson et a!., 1989);

thus, the oro-pharyngeal cavity appears to

be the primary site of oral immunization.

Considering the additional system com-

ponents that would be required for suc-

cessful post-gastric immunization, entenic

vaccination, by conservation and transport

of highly concentrated antigen through the

gastno-intestinal tract to a distal site of im-

rnuno-competent cells (e.g., Peyer’s patch-

es), is clearly not the method of choice until

such time that novel economic method-

ologies have been thoroughly designed and

tested (Wandeler et a!., 1988).

Currently, only attenuated (Rupprecht

et a!., 1989) or othopox virus recombinant

(Ruppnecht et a!., 1986, 1988) rabies vac-

cines are at a sufficient developmental stage

to be seriously considered for field testing

of safety and efficacy in naturally-affected

mammalian rabies hosts, such as the rac-

coon. Alternative vaccine vectors, such as

recombinant adenovirus vaccines (Prevec

et a!., 1990; Charlton et a!., 1992) may

offer additional promise. Broad-based con-

cerns over environmental safety of rabies

biologicals in general, such as the potential

for vaccine-induced rabies (Ruppnecht et

a!., 1990) or untoward effects resulting

from the release of genetically modified

viruses, should be measured against social,

political, and economic benefits. While the

concept of risk minimization is certainly

desirable, it is difficult to envision totally
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‘ ‘risk-free’ ‘ vaccines, even with inactivated

vaccines, which could produce toxic on a!-

lergic side effects. Moreover, the limited

efficacy observed in the laboratory to date

would be impractical for use in a field

control program, where maximum herd

immunity of long duration is necessary

(Wandeler et al., 1988).

To be tenable, future research directed

towards application of inactivated vac-

cines for oral vaccination should concen-

trate heavily upon several critical areas,

including: the strategic use of adjuvants

(Maharaj et a!., 1986) or gastro-intestinal

protectants (Brochien et a!., i985; Lawson

et a!., 1989) for antigen conservation; the

construction of additional subunit vac-

cines, with the potential for diminishing

the large concentration of specific im-

munogen required per os, while retaining

immunogenicity, such as iscoms (Monein

et a!., 1984) or immunosomes (Suneau and

Pernin, 1988); the feasibility of other re-

combinant expression vector systems, such

as baculovinuses (Prehaud et a!., 1989; Fu

et a!., 1991), for maximum utility in the

economic production of the large quanti-

ties of viral antigen needed for the pro-

tection of multiple mammalian target spe-

cies against antigenically diverse lyssavirus

infections; and those particular mecha-

nisms involved with antigen reception,

ingestion, processing, presentation, recog-

nition, and stimulation of vaccinal cell-

mediated immunity (Celis et a!., 1990) by

the oral and enteric routes. Lastly, inac-

tivated vaccine preparations which prove

efficacious when delivered per os in the

laboratory must also be incorporated into

compatible edible baits, and similarly test-

ed, in order to be of any practical signif-

icance.
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