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Effective Protection of Monkeys Against Death
from Street Virus by Post-Exposure Administration

of Tissue-Culture Rabies Vaccine
R. K. SIKES,' W. F. CLEARY,' H. KOPROWSKI,2 T. J. WIKTOR 2 & M. M. KA PLAN 3

Three series of experiments on rabies vaccines were carried out on rhesus monkeys
using suckling-mouse-brain vaccine, rabbit-brain vaccine, duck-embryo vaccine, and puri-
fied, concentrated tissue-culture vaccine. The latter was prepared in a human diploid cell
strain and inactivated with /B-propiolactone, and consisted of tissue-culture fluid concen-
trated 200-fold with a final infectivity titre of 109-8 plaque-forming units per ml before
inactivation. In the first two series of experiments, several vaccines were testedfor relative
immunogenicity on a pre-exposure basis. In the third series, a successful model was deve-
loped in which a single inoculation of the tissue-culture vaccine administered after exposure to
rabies virus, with or without accompanying standard doses of antirabies serum, was evalu-
ated as a method ofprevention. A single dose of the tissue-culture vaccine protected 7 out
of 8 monkeys from death by street virus. Homologous or heterologous antirabies serum
alone gave poor results. The results indicate great promise for prophylaxis in man with
one dose, or perhaps a few doses, of highly concentrated, purified tissue-culture vaccine.

Rabies vaccines now available constitute perhaps
the crudest and most unsatisfactory biological pro-
ducts for general use in man. Each year, hundreds of
thousands of persons are given the prolonged, fre-
quently painful, sometimes ineffective, and occasion-
ally dangerous (e.g., on account of paralytic acci-
dents) series of 14-30, or even more, inoculations of
antirabies vaccine. This has been the practice since
the time of Pasteur, and is tolerated only because
it was impossible to improve antirabies vaccine with-
out knowing more about the character of the virus
itself (Koprowski, 1967).
The use of advanced virological techniques in

rabies research over the past 15 years, and especially
during the last 5 years, has greatly increased our
knowledge about rabies virus (Hummeler & Kop-
rowski, 1969). Cultivation and growth of the virus
in tissue culture, followed by concentration and puri-

1 Center for Disease Control, Health Services and Mental
Health Administration, Public Health Service, US Depart-
ment of Health, Education, and Welfare, Lawrenceville,
Ga., USA. WHO Regional Reference Centre for Rabies in
the Americas.

2The Wistar Institute of Anatomy and Biology, Phila-
delphia, Pa., USA. WHO International Reference Centre for
Rabies.

3World Health Organization, Geneva, Switzerland.

fication (Sokol et al., 1968), led to the development
of vaccines that immunize laboratory animals against
rabies challenge more effectively than vaccines now
used for prophylaxis in man (Koprowski, 1967;
Wiktor et al., 1969).

In spite of the superior immunogenicity of the
new tissue-culture vaccines for animals, they could
not be used in man until they had been tested in
suitable animal models that would reflect the prob-
lem of rabies prophylaxis in man, i.e., vaccinal inter-
vention after exposure to rabies. Since the tissue-
culture vaccines were found to be highly immuno-
genic for rhesus monkeys (Koprowski, 1967), it was
decided to use these animals for further assays of
the antigenicity of newer vaccine preparations and
for the evaluation of a vaccine containing con-
centrated and purified antigen in post-exposure
treatment.

In the first two series of experiments with rhesus
monkeys, several vaccines were tested for their
relative immunogenicity on a pre-exposure basis.
In later experiments, a single dose of a highly anti-
genic, concentrated vaccine prepared in tissue-
culture was evaluated as a method of preventing
rabies when given after exposure to rabies virus.
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MATERIALS AND METHODS

Commercial and reference vaccines

These vaccines are licensed for use in the USA
or Latin America and were used in the first two
series of experiments, i.e., pre-exposure vaccination
only.
Duck-embryo vaccine (DEV) (Peck, Powell &

Culbertson, 1955). This vaccine preparation was a
10% suspension when reconstituted as recommended
by the manufacturer.' 2 Lot numbers 2FNO6A and
2FNO7A of DEV were used in the first two series of
experiments. Both were tested for potency at the
Center for Disease Control, US Public Health Ser-
vice, prior to these studies. Lot 2FNO6A had an
antigenic (i.e., potency) value (AV) of 0.75, and lot
2FNO7A had an AV of 0.3.

Suckling-mouse-brain vaccine (SMB V) (Fuenza-
lida, Palacios & Borgono, 1964). This preparation
was supplied by the Zoonoses Center, Pan American
Health Organization, Ramos Mejia, Argentina, as
a 1% tissue suspension. Lot No. 24 used in this
study had an AV of 0.2 as determined by the dilution
method of the National Institutes of Health (NIH)
potency test. On the basis of tissue equivalence,
its AV was 1.9. SMBV vaccine was used only in
the first series of monkey experiments.

Standard reference vaccine (RV), as described in
Laboratory techniques in rabies (1966), was supplied
by the Division of Biologics Standards, National
Institutes of Health, Washington, DC. Lot No. 73
was reconstituted with 8 ml of distilled water to
yield a 10% suspension. In experiment 2, RV was
injected into monkeys within 2 hours of being recon-
stituted, and it was also used as a standard for test-
ing the potency of all other vaccines.

Experimental vaccines

Purified rabies vaccine (PRV). This vaccine was
prepared according to the method described by
Sikes & Larghi (1967). The virus was grown in
specific-pathogen-free suckling mice; it was purified
by centrifugation followed by chromatography and
was inactivated with ,B-propiolactone.3
Hamster kidney tissue culture vaccine concentrated

by ultrafiltration (BHK-FC). The tissue-culture-

Eli Lilly Company, Indianapolis, Ind., USA.
'The use of trade names and mention of commercial

sources is for identification purposes only and does not con-
stitute endorsement by the US Public Health Service.

' Supplied by Test Agar and Company, Inc., Detroit,
Mich., USA.

adapted Pitman Moore (PM) strain of rabies virus
was propagated in BHK-21 monolayer cell cultures
as described by Wiktor et al. (1969). Virus from
infected tissue-culture fluid was concentrated 40 times
by ultrafiltration through layers of nitrocellulose
membranes 4 with porosities of 0.01-0.02 ,um (fil-
ter SM 12 133) in a special apparatus constructed by
Strohmaier (1967). This method of concentration
resulted in the almost total recovery of virus infec-
tivity and haemagglutinating, complement-fixing,
and protective antibodies (Wiktor et al., 1969). The
concentrated virus was inactivated by treatment with
/3-propiolactone.
Hamster kidney tissue culture vaccine concentrated

by ultrafiltration and high-speed centrifugation (BHK-
FCC). BHK-FC was further concentrated by centri-
fugation at 12 500 rev/min for 60 min in a Spinco
model L ultracentrifuge, rotor No. 30 (Pj = 5 x 108),
and the resulting pellet was resuspended in a por-
tion of the supernatant. Under these conditions,
rabies virions are nearly all quantitatively sedimented
(Schlumberger, Wiktor & Koprowski, 1970). The
final preparation was inactivated with 3-propio-
lactone.
Human diploid cell strain tissue culture vaccine

concentrated by ultrafiltration (HDCS-FCa, HDCS-
FCb, HDCS-FCc). Three batches of vaccine pre-
pared from PM virus propagated in human diploid
cell strain cultures (Wiktor & Koprowski, 1965) and
supplied by the Institut franqais de Virologie, Lyon,
France, were concentrated prior to inactivation with
/-propiolactone by the ultrafiltration method (see
above).
Human diploid cell strain tissue cultutre vaccine

concentrated by ultrafiltration, purified by chromato-
graphy, filtration, and adsorbed on aluminium hydrox-
ide (HDCS-FCA-J). The HDCS-FCa vaccine prep-
aration was filtered through a Sephadex G-150
chromatography column equilibrated with 0.13 M
NaCl, and 0.05 M tris(hydroxymethyl) aminoethane
chloride buffer (NT), pH 7.8. The pooled fraction
from the exclusion volume of the column with a
molecular weight of 300 000-400 000 represented a
tenfold dilution from the original volume applied to
the column. This fraction was mixed with aluminium
hydroxide 5 to a final concentration of 0.1 mg per ml
of aluminium hydroxide, and allowed to adsorb at

' Supplied by Sartorius, Membranfilter GmbH, Gottin-
gen, Federal Republic of Germany.

5 Alhydrogel, supplied by Dansk Svovlsyre-og Superfos-
phat-Fabrik, Copenhagen, Denmark.
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4°C for 4 days with occasional shaking. The ad-
sorbed antigen was sedimented for 20 minutes at
2 000 rev/min, and the resulting pellet was resus-
pended in a fresh NT buffer to the original volume
of the HDCS-FCA vaccine.
Human diploid cell strain vaccine concentrated by

ultrafiltration and adsorbed on aluminium phosphate
(HDCS-FCA-II). 1 HDCS-grown rabies virus (PM
strain) was concentrated by means of a Diaflow
ultrafiltration system 2 using the PM-10 membrane
prior to inactivation. The vaccine was mixed with
aluminium phosphate at a final concentration of 2%
and pH of 5.5.
Monkey kidney tissue culture vaccine concentrated

by zinc acetate precipitation andpurified by chromato-
graphy, filtration, and high-speed centrifugation
(MK-ZC). The PM strain of virus propagated on
monkey kidney cell cultures and concentrated by
zinc acetate precipitation (provided by the Institut
fran9ais de Virologie, Lyon, France) was purified
by Sephadex G-75 chromatography, filtration, and
high-speed centrifugation (Sokol et al., 1968). The
sedimented virions were resuspended in NT buffer,
inactivated with fl-propiolactone, and freeze-dried
in 1-ml quantities in the presence of a peptone-
phosphate-lactose stabilizer, and sealed under the
original vacuum pressure.
Hamster kidney tissue culture concentrated vac-

cine, Flury HEP strain, live (HEP-LI). The Flury
HEP strain of rabies virus, previously adapted to
growth in HDCS cell cultures (Wiktor & Koprowski,
1965) was propagated in BHK-21 cell monolayers
(Wiktor, Kuwert & Koprowski, 1969). The virus
was concentrated by zinc acetate precipitation and
purified by Sephadex G-75 chromatography and
high-speed centrifugation (Sokol et al., 1968).
Hamster kidney tissue culture concentrated vac-

cine, Flury HEP strain, inactivated with /B-propiolac-
tone (HEP-IN). The HEP-LI preparation was inac-
tivated by treatment with 3-propiolactone.
The concentrations of infective tissue culture fluid,

infectivity titres of the vaccines before inactivation
(if inactivated), AVs of the vaccines obtained in
potency tests (see below), and titres of complement-
fixing antigen for the experimental vaccines are
shown in Table 1.

1 Vaccine supplied by the Department of Biological Pro-
duct Development, Wyeth Laboratories, Inc., Marietta, Pa.,
USA.

2 Supplied by Amicon Corporation, Lexington, Mass.,
USA.

Table 1. Properties of experimental rabies vaccines

Infectivity
before inac-

Concen- tivation Comple-
Vaccine tration (plaque- NIH-AV ment-fixing

factor forming units/ml
units x
log I0)

SMBP 0.39

BHK-FC 40 8.0 407.0 1,024

BHK-FCC 200 9.77 49.0 512

HDCS-FCa 100 6.43 7.3 128

HDCS-FCb 150 6.42 8.3 16

HDCS-FCc 100 6.33 3.0 32

HDCS-FCA-1 100 6.43 1.7 160

HDCS-FCA-I1 9 7.2 2.8 32

MK-ZC 150 8.3 93.2 640

HEP-LI 120 9.4 467.0 320

HEP-IN 120 9.4 81.1 320

Immune serum and potency
Heterologous antirabies serum of equine origin 3

used in the post-exposure treatment evaluation ex-
periment (experiment 3) contained 446 international
units per ml when the potency was tested prior to
the study. The serum was diluted 1: 9 immediately
before its use in monkeys so that it approximated
closely to the unitage of the homologous antirabies
serum obtained from monkeys vaccinated in experi-
ment 1 of this study. Potency tests were conducted
in accordance with the procedures described in
Laboratory techniques in rabies (1966). A standard
reference serum supplied by the Division of Biologics
Standards, National Institutes of Health, containing
2 international units per ml was titrated simultane-
ously with each test serum.
The homologous monkey serum had not been frac-

tionated, whereas the heterologous serum had been
partially purified by ammonium sulfate precipitation
to remove most of the albumin fraction.
Each monkey was inoculated with a dose of rabies

serum approximately equal to the human dose on
the basis of weight. Monkeys weighing 3.4-4.0 lb
(1.5-1.8 kg) received 1.4 ml of serum, those between
4 and 4.5 lb (1.8-2.0 kg) 1.8 ml, those between 4.5

' Obtained from the American Cyanamid Company, Pearl
River, N.Y., USA.
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and 5.5 lb (2.0-2.5 kg) 2.1 ml, and those between 5.5
and 6.0 lb (2.5-2.7 kg) 2.5 ml. A series of 3 titrations
of the dilute heterologous serum averaged 66 inter-
national units per ml; 3 titrations of the homologous
serum averaged 49 international units per ml.

Safety and potency testing of vaccines
Each of the experimental tissue-culture vaccines

was tested for the absence of infective virus by
injecting the undiluted product intracerebrally into
10 mice, 4-5 weeks old, which were kept under
observation for 30 days. The HEP-IN vaccine was
tested in mice 3-4 days old.
The NIH potency test was performed as described

in Laboratory techniques in rabies (1966), with a
challenge dose of CVS-26 virus of 20-40 mouse LD50.
The reference vaccine used in this test was lot 173,
supplied by the Division of Biologics Standards,
National Institutes of Health. Because the recom-
mended method of determining the potency of
brain-tissue vaccine cannot be used to evaluate
tissue-culture vaccines, the effective dose (ED,O) of
reference and tissue-culture vaccines was obtained
by determining the dilution of the vaccine that pro-
tected 50% of the mice vaccinated and subsequently
challenged.
The AVs were obtained by dividing the ED50 dilu-

tion value of the test vaccine by that of the reference
vaccine. Vaccines are required by the National
Institutes of Health to have a minimum AV of 0.3
when tested against NIH lot 173 reference vaccine.

Challenge virus
The NYC-Georgia strain of rabies virus, main-

tained in the Center for Disease Control rabies
laboratory, was used in each series of experiments.
In experiment 1, the NYC-Georgia virus of dog-
salivary-gland origin was used. In experiments 2
and 3, the NYC-Georgia virus of monkey-brain
origin was used; it was the second monkey-passaged
brain material. In each series of experiments, follow-
ing the monkey challenge, the challenge virus was
titrated in mice in order to determine the dose used
to challenge the monkeys; 50% end-points were
determined by the Reed-Muench method as de-
scribed in Laboratory techniques in rabies (1966).

Serum neutralization tests
(1) Mouse test. Serum neutralization tests for

assaying individual titres of monkeys were performed
as described in Laboratory techniques in rabies (1966)
using mice as test animals. Serum samples were

inactivated at 56°C for 30 minutes, and fivefol d
dilutions of each serum were tested against a con-
stant dose of virus (20-100 mouse intracerebral
LD5o); 50% end-points for each test serum were
determined by the Reed-Muench method.

(2) Plaque-reduction test. The plaque-reduction
neutralization test was performed according to the
technique described by Wiktor, Kuwert & Koprow-
ski (1968).

Animals
Monkeys. Rhesus monkeys from India were used

in each series of experiments. Young immature ani-
mals were obtained commercially, and after their
arrival they were conditioned to their cage environ-
ment, tested for tuberculosis, and treated for enteric
infections for 3-6 months. The monkeys were be-
tween 1 and 2 years of age when used in these studies.
Prior to each experiment, they were tattooed and
bled from the femoral vein in order to test their
serum for rabies antibody; only healthy animals
that had no detectable rabies serum neutralizing
antibody were used. In experiment 3 (post-exposure
study), each monkey was also weighed immediately
before challenge. They were maintained throughout
the studies in separate stainless steel cages.

Mice. Young, 3-week-old mice of the ICR strain
and free from specific pathogens were used for
serum-neutralizing antibody and virus assays.

Complement-fixation technique
The microtechnique described by Sokol et al.

(1968) was used to titrate the complement-fixing
activity of different vaccine preparations.

EXPERIMENTAL PROCEDURES

Vaccination and serum injections
Each monkey in the three series of experiments

was inoculated in the biceps femoris muscle with
1 human dose of each vaccine or serum. In experi-
ment 3, when vaccine and serum were used in certain
groups of monkeys, the serum was given in the
opposite leg from the vaccine; 1-ml inoculations of
all unlicensed vaccines (tissue-culture, PRV, and
NIH reference) were also given in the biceps femoris
muscle. A separate syringe and needle was used to
inject the vaccine or serum into each monkey. All
monkeys were observed daily for any signs of illness
or reaction to treatment.

4
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Bleeding
All monkeys were bled prior to, and periodically

(as indicated in each table or results) during each
experiment. Animals were withdrawn from the cage
in each pre-exposure experiment without the use of
drugs. They were placed on a special table designed
for bleeding monkeys from the femoral vein. A sepa-
rate syringe and needle was used for each animal. In
the post-exposure treatment experiment, the surviv-
ing monkeys were bled on days 3, 8, 31, 56, and 79
after challenge while under sedation with 2-3 mg of
phencyclidine hydrochloride.

Challenge
In these three series of experiments, each monkey

was challenged bilaterally in the cervical muscles
with a total of 0.6 ml of a 10% virus suspension.
In experiment 1, a total of 104-5 mouse ICLD,0 were
used in the challenge; in experiment 2, 104.8; and
in experiment 3, 105.8. The monkeys were observed
for 3 months after challenge in the first two series
of experiments and for 6 months after challenge in
the third series.

Virus identification
Brains and salivary glands of monkeys that died

were removed and tested for the presence of rabies
virus. All brains were tested by the standard fluores-
cent rabies antibody (described in Laboratory tech-
niques in rabies, 1966) and mouse-inoculation meth-
ods; the salivary glands were tested by the mouse-
inoculation technique alone. Any mice that died
more than 5 days after inoculation were tested by
fluorescent rabies antibody procedures to determine
whether rabies was the cause of death.

RESULTS

Immunization of monkeys prior to challenge (experi-
ments I and 2)
In experiment 1, 35 monkeys divided into 7 groups

of 5 animals each were inoculated with vaccines of
various origins and challenged 30 days later with
street virus (Table 2). Because of the low mortality
ratio obtained in the non-vaccinated control animals,
it is difficult to draw any conclusions from the
challenge results of the vaccinated animals, par-
ticularly because of the small differences in the mor-
tality levels observed between the various groups.

Study of serum-neutralizing antibody responses,
however, revealed that monkeys that received the
DEV and SMBV preparations had the lowest anti-

body levels of all groups investigated. Moreover,
antibodies in these animals seemed to decline rapidly,
becoming, in some cases, undetectable on the
36th day after immunization.
High serum-neutralizing antibody levels were in-

duced by immunization with the five other prepara-
tions; the best results were obtained with BHK-FC
and MK-ZC, little or no decline being observed in
antibody levels after immunization with these vac-
cines. Administration of the HEP Flury strain in
living or inactivated form produced little, if any,
difference in antibody response, which seems to
indicate that there is no replication of HEP Flury
in the body of the monkey.
The level of neutralizing antibody of all serum

samples from this experiment was also determined
by the plaque-reduction assay. A very close correla-
tion was obtained with the results of the mouse-
inoculation test, indicating that the methods are
equally sensitive.

In the experiment summarized in Table 3, vac-
cines prepared in human diploid cell strain (HDCS-
FCa, -FCb, -FCc) and concentrated by ultrafiltration
(see Materials and Methods section) were used for
vaccination purposes. Although these vaccines had
lower antigenic values than the vaccines used in
experiments summarized in Table 2, all HDCS-FCb
and HDCS-FCc afforded excellent protection against
challenge with street virus administered 73 days after
vaccination. The two HDCS-FCa preparations did
not protect all animals against challenge, and those
that died had the lowest antibody levels on the
73rd day after vaccination. Virtually no protection
was obtained from duck embryo vaccine (DEV) and
NIH reference vaccine lot 173 (RV-173).
A vaccine prepared in human diploid cell strain

and concentrated ninefold by ultrafiltration (see
Materials and Methods section) protected 4 of 5 ani-
mals against challenge inoculation when administered
with aluminium phosphate gel.
Serum neutralizing antibody levels induced by all

vaccines except DEV and RV-173 were comparable.
Antibody levels declined only in those animals that
died after challenge and in monkeys 6, 8, 15, and 35.
Antibody titres in all other trials remained at the
same level during the period of observation.

Post-exposure treatment of animals (experiment 3)
Altogether, 55 monkeys were inoculated with a

preparation of street virus (see Materials and Meth-
ods section) and were treated 4-6 hours later accord-
ing to the schedule outlined in Table 4. The results

5
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Table 2. Pre-exposure evaluation of human vaccines in rhesus monkeys:
serum-neutralizing antibody titres and challenge results, experiment 1. The monkeys were inoculated

with 1 human dose of vaccine and challenged 36 days later

Antibody level after the following no. of days: Mortabity

Vaccine value of Monokey Daysvaccine ~ 2 4 7 10 1 5 22 30 36 (post- Ratio
I ~~~~~~~~~~~~~~~challenge)

1 5 < 2 3 33 1 1 9 7 7 9
1 6 < 2 < 2 33 died - - - -

DEV 0.75 17 < 2 < 2 45 56 11 9 3 3 0/4
18 < 2 < 2 15 56 2 3 3 3
19 < 2 < 2 56 15 7 3 < 2 < 2

25 < 2 < 2 69 45 95 70 45 33
26 <2 <2 <2 <2 <2 <2 <2 <2

SMBV 0.20 27 < 2 < 2 15 5 5 9 11 9 55 1/5
28 < 2 < 2 33 350 230 160 56 56
29 < 2 < 2 7 7 7 18 15 18

30 < 2 < 2 480 350 350 230 230 350
31 < 2 < 2 96 160 70 56 70 70

PRV 0.39 32 < 2 < 2 45 160 280 230 95 95 28 1/5
33 < 2 < 2 480 125 125 95 95 125
34 <2 3 800 1 150 12000 1 750 1 400 1 150

40 < 2 < 2 1150 8700 5900 7000 4200 2400
41 < 2 3 7000 12000 12000 5900 4200 3125

BHK-FC 407.00 42 < 2 < 2 480 1 400 5900 7000 2400 2400 0/5
43 < 2 < 2 2400 2400 8700 1150 1 400 1 400
44 < 2 < 2 4 200 5900 8700 1 400 1 400 1 750

55 < 2 < 2 280 800 1 400 1150 350 350
56 < 2 5 125 7000 5900 2400 1 400 1 400

MC-ZC 93.20 57 < 2 < 2 230 800 1 750 3125 1 150 1 750 9 1/5
48 < 2 < 2 125 280 1160 800 1150 1150
59 < 2 4 230 800 1 400 1150 800 800

45 < 2 < 2 1150 3125 7000 1 400 1 750 1 400
46 < 2 4 1 400 2400 2400 800 480 350

HEP-IN 81.10 , 47 < 2 < 2 69 480 350 230 230 230 0/5
48 < 2 < 2 125 125 480 230 70 33
49 < 2 < 2 96 350 350 480 480 800

50 < 2 < 2 230 280 350 280 230 350
51 11 25 350 800 1160 1150 480 280

HEP-LI 467.00 52 < 2 < 2 69 280 480 1150 480 350 0/5
53 < 2 < 2 125 160 125 95 95 70
54 <_2 < 2 350 350 350 2400 1400 1400

60 < 2 < 2
61 <..2 < 2 63 3/5

control 62 < 2 < 2 22
63 < 2 < 2 23
64 < 2 < 2



7PROTECTION OF MONKEYS WITH TISSUE-CULTURE RABIES VACCINE

Table 3. Pre-exposure evaluation of human vaccines in rhesus monkeys:
serum-neutralizing antibody titres and challenge results, experiment 2. The monkeys were inoculated

with 1 human dose of vaccine and challenged 73 days later

I
Mortality

Antibody level after the following no. of days: from rabies
Vaccine Antigenic Mon-

Daysvalue key no. Days
2 4 6 13 19 31 73 (post- Ratio

I ...challenge)

0.3

1.0

7.3

HDCS- FCb 8.3

3.0

HDCS-FCA-la 1.7

control

HDCS-FCA-I Ia 2.8

control

23
24
25
26
27

17
18
1 9
20
21

1
2
3
4
5

6
7
8
9

10

1 1
12
1 3
14
15

31
32
33
34
35

36
37
38
39
40

<2
<2
<2
<2
<2

<2
<2
<2
<2
<2

<2
<2
<2
<2
<2

<2
<2
<2
<2
<2

<2
<2
<2
<2
<2

3
2

<2
3

<2

4
<2
<2
<2
<2

4
<2
<2
3
7

4
3

<2
2
4

4
3
3

<2
2

15
7

<2
15
<2

95
33
7
2
2

25
1 5
95
18
56

45
70
125
125
350

1 1
9

280
60

125

<5
3

<2
2

<2

95
9

<2
<2
<2

280
280

1 750
125
280

280
280
70

280
125

56
56

625
95
45

2 3
<2 <2
<2 <2
<2 <2
<2 3

230 33
5 5

<5 3
<2 5
<2 <2

480 280
480 480
800 800
died
96 95

350 160
800 280
125 95
280 350
230 280

45 70
125 125
125 230
160 230
70 95

<2
<2
<2
<2
<2

15
3

<2
<2
<2

95
125

>625

18

56
230
33
33

160

25
125
125
56
18

days

2 5 7 13 20 30 55

<2 18 280 1 160 1 400 1 400 1 400
< 2 2 125 625 625 280 230
<2 <2 625 800 1 400 350 625
< 2 2 55 625 200 56 25
<2 15 350 400 330 280 95

<2 <2
<2 <2
<-2 <2
<2 <2

days
I~ ._ ._I__

_ 2

10 <2
19 <2
40 <2
41 <2
59 <2

II1 -
2 <2
4 <2

31 <2
44 .<2
45 <2
47 <2
57 <2

4

3
3

<2
3

<2

7

70

125
45
56
45

10

280
350
280
800
95

15

480
230

1 400
1 400
230

29

1 750
280
350
350
280

<2

<2

<2

<2

<2
<2
<2

10
1 1
94
1 1
31

1 5
13
1 1
22

8

6

15

18
18
16
29
57

17
18
16

22
14
18

5/5

4/5

2/5

0/5

0/5

1/5

5/5

0/5

6/7

a These experiments were carried out at different times from the first series.

DEV

RV-173

HDCS-FCa

HDCS- FCc
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Table 4. Post-exposure evaluation of antirabies serum and vaccine in rhesus monkeys:
serum-neutralizing antibody titres and challenge results, experiment 3. The monkeys were inoculated

with street virus and treated 4-6 hours later

serum (inter- Antibody level afterunatioaunits)- the following no. of days: Mortality
Post-exosure teatment Mon- Weight national units)

Post-exposure treatment key no. (kg) Reco_ _Day_of

Recon-| Acte 3 a8 31 56 Days Ratiomended death lI

2 1.6 <2 <2 17
4 1.8 <2 <2 18

challenge controls 31 2.3 <2 <2 <5 16 6/7 (86%)
44 2.6 <2 <2 1 1 1 1
45 2.3 <2 <2 22
47 2.2 <2 <2 <5 14
57 1.7 <2 <2 18

3 2.1 <2 1 750 1 400 1 400
5 1.7 <2 350 1 400 1 150

1 1 1.8 <2 95 480 350
vaccine alone on day 1 20 1.9 <~2 350 1 400 800 1/8 (12%)
(BHK-FCC); AV~= 49.0 33 2.0 <2 280 1 400 1 150

36 1.8 <2 350 12
42 3.1 <2 350 1 400 1 150
50 2.0 <2 480 1 750 625

8 1.8 72 88 5 15 95 45
13 2.3 92 103 18 95 280 10
14 2.7 108 103 15 95 70 70

vaccine + homologous 24 2.1 84 88 18 230 230 95 1/8 (12%)
serum on day 1 26 2.2 88 88 1 1 33 56 70

49 2.0 80 88 15 95 95 160
52 2.0 80 88 33 95 350 230
55 1.8 72 69 5 70 350 480

7 2.0 80 88 30 9 7 <2 69
22 2.8 112 123 18 5 2 3
29 2.1 84 88 13 9 19

homologous serum alone 32 2.2 88 88 16 18 1 2 5/8 (63%)
on dayl1 46 2.1 84 88 22 7 <5 28

56 2.4 96 103 26 18 1 1 3
58 2.1 84 88 1 2 1 1 3 <2
60 2.1 84 88 12 7 17

1 2.3 92 139 21 70 230 70
6 1.7 68 93 23 280 930 350
9 2.2 88 119 23 70 56 70

vaccine + heterologous 17 2.0 80 119 43 160 230 350
serum on day 1 28 2.4 96 139 12 280 160 56 1/8 (12%)

37 2.0 80 119 32 95 1 1
51 1.6 64 93 17 70 230 45
53 1.5 60 93 28 230 460 160

12 2.2 88 119 26 18 800 625
15 2.6 104 139 32 1 5 1 150 800

heterologous serum on 1 6 2.0 80 119 31 1 1 1 7
day 1 and vaccine on day 8 23 2.3 93 139 33 9 800 20 3/8 (37%)

25 2.2 88 119 44 15 800 280
30 3.1 124 166 13 9 95 70
35 2.1 84 119 19 9 70 21
48 2.2 88 119 30 7 1 150 1 150

1 8 1.9 76 119 21 7 <2 40
21 2.1 84 119 26 7 23
27 1.8 72 119 40 18 <5 10

heterologous serum alone 34 2.3 92 139 53 18 <2 3 7/8 (88%)
on dayl1 38 2.1 84 119 22 9 21

39 2.2 88 119 27 9 <2 <2 58
43 2..6 104 139 28 7 <5 28
54 2.1 84 119 16 18 12
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indicate that the monkeys that received a single injec-
tion of vaccine, either alone or in combination with
heterologous or homologous immune serum, were
the best protected of all the groups treated. In con-
trast, of the animals that received heterologous serum
only, the same number died as in the control group;
however, 3 treated monkeys succumbed after a pro-
longed incubation period. Treatment with homo-
logous serum gave slightly better protection than
treatment with heterologous serum. Animals treated
first with heterologous serum and then with vaccine
8 days later received greater protection than mon-
keys treated with serum only, but mortality in this
group was higher than in the group that received
the same combined treatment administered simul-
taneously.

Those animals that were treated with vaccine alone
or in combination with serum succumbed after an
unusually short incubation period; this had been
observed previously (Tables 2 and 3). Animals
treated with vaccine alone had no neutralizing anti-
bodies on the third day after challenge, but antibody
levels determined on the 8th, 31st, and 56th days
after challenge were the highest of all groups ob-
served. Antibody levels in animals that received
either homologous or heterologous serum were
approximately the same on the third day after
challenge. These levels decreased rapidly on the
8th day after challenge in animals that received
serum alone, the drop being slightly more pro-
nounced after treatment with heterologous serum
than after treatment with homologous serum. In
contrast, animals that received combined vaccine
and serum treatment 4-6 hours after challenge
showed a rise in the level of neutralizing antibody on
the 8th day after challenge; and in some animals
a further increase in the antibody levels was noted
on the 31st day after challenge. The antibody levels
observed on the 56th day after challenge were
approximately the same as on the 31st day or
slightly lower.

In the group that received vaccine 8 days after
administration of serum, 3 animals died after expo-
sure; 1 had a very high antibody titre (800) on the
day of death. The 4 surviving animals in this group
showed higher antibody titres on the 31st and
56th days after exposure than corresponding animals
in groups that received simultaneous treatment with
vaccine and serum. Only 1 animal in the control
group had any detectable serum neutralizing anti-
bodies.

DISCUSSION

The results of the experiments clearly indicate
that monkeys are better immunized by the experi-
mental vaccines than by the NIH reference vaccine
or by the duck embryo (DEV) or suckling mouse
brain (SMBV) vaccines now widely used for the
treatment of man. Except for the purified SMBV,
all experimental vaccines were of tissue-culture origin
and were processed to purify and concentrate the
rabies antigen. Their effectiveness in immunizing
monkeys generally reflected the higher AV obtained
for these vaccines in the standard mouse-potency
test. There were cases, however, where an experi-
mental vaccine, such as HDCS-FCA-1 (Table 3),
showing an AV of 1.7, protected 4 out of 5 monkeys
after challenge, whereas the reference vaccine RV-1 73,
with an AV of 1.0, protected only 1 out of 5 monkeys.
In the same test, the experimental vaccine HDCS-
FCa, showing an AV of 7.3, protected 2 out of
5 monkeys after challenge.
The greater antigenicity of the experimental vac-

cines, demonstrated by the results of the challenge
inoculation, was also reflected in the results of the
neutralization test with sera of the vaccinated ani-
mals. Not only were antibody levels higher after
immunization with experimental vaccines than after
vaccination with DEV, SMBV, or reference vaccine,
but the antibodies appeared earlier.
The most important result obtained in the course

of this study was the demonstration, for the first
time, that a single injection of vaccine given after
challenge with street virus can protect 7 out of
8 monkeys from rabies. The experimental vaccine
with this remarkable protective capacity was pro-
duced by a 200-fold concentration of infective tissue-
culture fluid, the infectivity titre being 109-8 plaque-
forming units per ml before inactivation (Table 1).
After inactivation, an AV of 49.0 was obtained;
this value is lower than that for 3 other experimental
vaccines, which had shown lower infectivity titres
before inactivation (Table 1). Further study will be
necessary to determine whether the protective capa-
city of a vaccine for monkeys can be correlated
either with its AV obtained in the mouse-potency
test or with its infectivity titre before inactivation.

In contrast to the excellent results obtained with
a single injection of vaccine, the results of treatment
with either homologous or heterologous antirabies
serum were poor. The only effect that can be
ascribed to the use of serum is the prolongation of
the incubation period observed in 2 out of 5 animals
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that died after administration of homologous serum
and in 3 out of 7 animals that died after treatment
with heterologous serum.
Although the simultaneous administration of either

homologous or heterologous serum and vaccine after
challenge elicited lower neutralizing antibody titres
than administration of vaccine alone (Table 4),
the identical mortality rates observed in the 3 groups
of animals seem to indicate that the effect of passive
immunity was not strong enough to interfere with
the protective capacity of the vaccine.

It would be difficult, on the basis of these results,
to establish a close correlation between the level of
neutralizing antibodies and the survival of animals
after challenge. For example, the monkeys that died
after treatment with vaccine alone (No. 36) and with
vaccine combined with either homologous (No. 13)
or heterologous (No. 23) serum (Table 4) had very
high titres of neutralizing antibody-much higher
levels, in fact, than those shown by several surviving
animals in the same groups.

The time of appearance of neutralizing antibodies
in the serum of animals treated after challenge with
street virus cannot be correlated with the outcome
of the challenge. Although none of the animals
treated with vaccine alone showed the presence of
neutralizing antibodies on the third day after chal-
lenge, they resisted challenge much better than mon-
keys of the other 3 groups that showed antibodies on
that day on account of having received serum. It is
quite clear, therefore, that assays other than the
serum neutralization test must be studied before an
animal's resistance to challenge can be correlated
with its antibody response.

A curious phenomenon, referred to as " early
death ", was observed in animals that died after
challenge provided they had been treated with vac-
cine either before (Tables 2 and 3) or after (Table 4)
challenge. It is impossible at present to explain this
event, but it is hoped that further experiments will
elucidate the mechanism of this phenomenon.
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R1JSUME

PROTECTION EFFICACE DU SINGE RHESUS CONTRE UNE INFECTION MORTELLE PAR LE VIRUS DES
RUES GRACE A L'ADMINISTRATION, APRES L'EXPOSITION A L'INFECTION, DE VACCIN ANTIRABIQUE

PRtPARt SUR CULTURE TISSULAIRE

Les vaccins antirabiques prepares sur tissu nerveux,
en usage depuis l'epoque de Pasteur, sont peut-etre les
plus grossiers et les moins satisfaisants des produits
biologiques couramment employes chez l'homme. Le
traitement standard, apres exposition ia l'infection,
exige de 14 a 30 injections de vaccin, avec ou sans admi-
nistration concomitante de serum antirabique selon le
cas. I1 n'est pas rare que la vaccination ne parvienne pas a
assurer la protection du sujet traite et entraine des
accidents neuro-paralytiques dus a la presence de tissu
nerveux dans la preparation.
Grace aux progres recents des techniques virologiques,

on a mis au point des vaccins purifies et concentres pr&-
pares sur culture tissulaire. Avant d'envisager leur emploi
en therapeutique humaine, il etait cependant necessaire
de les experimenter sur des modeles animaux chez

lesquels les conditions de la prophylaxie chez l'homme
- administration du vaccin apres l'exposition a l'infec-
tion - pourraient etre realisees.

Trois series d'experiences ont ete menees sur des
singes rhesus en utilisant divers types de preparations
antirabiques: vaccins prepares sur tissu cerebral de
souriceau a la mamelle, sur cerveau de lapin ou sur
embryon de canard, et vaccin purifie et concentre obtenu
sur culture tissulaire.
Le vaccin de culture tissulaire a ete prepare sur une

souche de cellules diploides humaines et inactive par la
,-propiolactone. Le liquide de culture a ete concentre
200 fois de fagon 'a obtenir un titre infectieux de 109'8
unites formatrices de plages par millilitre avant l'inacti-
vation.
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De toutes les preparations, le vaccin de culture tissu-
laire a fait preuve du pouvoir antigenique le plus intense,
comme l'indiquent les resultats des inoculations d'epreuve
et les titres particulierement eleves d'anticorps neutrali-
sants qu'il a suscites. Donnee apres inoculation de virus
des rues, une seule injection de ce vaccin a empeche la
mort de sept singes sur huit. L'administration de serum
antirabique homologue ou heterologue n'a pas, a elle
seule, confere une protection equivalant a celle obtenue
apres emploi du vaccin seul ou associe au serum: six
animaux temoins sur sept, traites de la sorte, ont suc-
combe A l'infection rabique.

Ces experiences n'ont fait ressortir aucune correlation
etroite entre la presence et le titre des anticorps neutrali-

sants, notamment au cours des premiers jours suivant
l'inoculation du virus, et la survie ulterieure des animaux.
Bien que depourvus d'anticorps neutralisants le 3e jour,
les singes traites par le vaccin seul ont, dans l'ensemble,
beaucoup mieux resiste que leurs congeneres des trois
autres groupes, porteurs d'anticorps des le 1 er jour suivant
I'administration de serum antirabique. 1i conviendra
donc d'etudier et d'utiliser des epreuves autres que le
test de neutralisation si l'on veut mieux comprendre le
mecanisme de la resistance a l'infection.

Ces resultats sont prometteurs et laissent entrevoir la
possibilite de realiser la prophylaxie antirabique chez
1'homme par une ou quelques injections d'un vaccin tres
concentre et purifie prepare sur culture tissulaire.
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