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Use of colloidal aluminas as adjuvants
in foot-and-mouth disease virus (FMDV)
vaccines has provided the only practical
vaccine for-control of FMDV epizootics in
cattle. Experimentally, it is possible to im-
munize cattle against FMDV without use
of adjuvants, but multiple inoculations are
required. Thus, the potency of practical
FMDV vaccines not only depends on the
mass of antigen involved but it also de-
pends on the efficiency of the adjuvant
used in its preparation. Unfortunately, cer-
tain properties of colloidal alumina pre-
sent features which can be detrimental to
vaccine potency (1). Recent publications de-.
scribing use of other compounds (2-5) re-
flects a growing interest in more effective
adjuvants for FMDV vaccines.
The extraordinary adjuvant activity of

emulsified antigens as described by
Freund, et al. (6) aroused interest in sev-
eral research programs (7-12) and led to
the present investigations with FMDV
antigen.

This report describes limited studies
which compared antibody response and im-
munity in cattle after inoculations with
formalin-treated FMDV either adsorbed to
colloidal alumina or emulsified in mineral
oil for adjuvant effect.

Materials and Methlods
ANTIGEN PREPARATION:

FMDV, type A, sub-type 119 (FMDV
A-119) obtained from the fourth passage
in primary outgrowths of bovine kidney

From the Plum Island Animal Disease Laboratory, Ani-
mal Disease and Parasite Research Division, ARS,
U.S.D.A., Greenport, Long Island, New York.
*Present address is National Animal Disease Labora-
tory, U.S.D.A., P.O. Box 70, Ames, Oowa.
**Present address is Agency for International Devel-
opmente Buenos Aires, Argentina. u
l"Alhydrogel" is a form of colloidal aluminium hydrox-
ide commonly used in European FMDV vaccines. Ob-
tained from Dansk Svovlsyre-o.g., Superphosphate Fab-
rik, Denmark.
2"Arlacel A" (mannide mono-oleate). Obtained from
the Atlas Powder Co., Wilmington, Delaware.
3Mineral oil was ESSO Bayol F, obtained from the
ESSO Standard Oil Co., Linden, N.J.

cells, was used as the source of antigen
(13). Serum-free Hanks' balanced salt
solution was used as tissue culture media
for virus production. Harvested fluids
were clarified by centrifugation at 1,000
g for 30 minutes at 4°C. in an Internation-
al PR-2 apparatus using a No. 384 head.
Infectivity of the clarified suspension was
1.3 x 10i PFU/ml. when assayed with the
method described by Bachrach, et al (14).

This preparation was treated with 1:
5,000 formalin at 37°F. for 192 hours. Al-
though specific tests for innocuity were
not carried out, the combined effect of
time, temperature, and formalin concentra-
tion is comparable to those ordinarily ap-
plied to FMDV vaccines.
The colloidal alumina' (gel) preparation

was adjusted to pH 7.4 with N/1 NaOH,
and its concentration was adjusted to 2.5
per cent as determined by dry weight
analysis of A1203. Equal volumes of gel and
formalin-treated virus were combined and
stored at 4°C. until used.
The oil phase for emulsified antigen was

prepared by mixing 1 part emulsifier2 with
9 parts light mineral oil3. This mixture was
sterilized in an autoclave. Equal volumes
of antigen and oil phase were mixed by re-
cycling between two syringes joined by a
double-hubbed coupler until a water-in-oil
emulsion formed (15).

Relative kinematic emulsion viscosity
was determined with the procedure de-
scribed by Berlin (15). Briefly, this value
was obtained by measuring the average
flow time in seconds for 0.1 ml. from a
vertically mounted 1.0 ml. serological pip-
ette previously calibrated with reagent
grade glycerol. All measurements were
made at 22°C. and the value for emulsion
viscosity was derived from the ratio: emul-
sion flow time/glycerol flow time.
To characterize emulsion stability, a

Wintrobe hematocrit tube was filled to
the 100-mm. mark and centrifuged at 1,000
g for 1 hour at 22°C., in an International
Model U Centrifuge using a No. 240 head.
With this method it was possible to parti-
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tion and measure percentage of aqueous
phase, percentage of emulsion, and per-
centage of excess oil phase.

IMMUNIZATION OF CATTLE:

Sixteen grade Hereford steers weighing
600-700 pounds were used. Subcutaneous
(SC) and intramuscular (IM) routes of
inoculation were used to determine the ef-
fect each route had on antibody response and
immunity. With each adjuvant-antigen prep-
aration, four steers were inoculated IM in
the right gluteal region and four SC on
the right side just anterior to the point
of the shoulder. The dose with each prep-
aration was 2.0 ml.

ANTIBODY ASSAYS

Blood samples were collected weekly for
the first month after inoculation and bi-
weekly thereafter. After samples were al-
lowed to clot at room temperature, the
serum was poured off and clarified by cen-
trifugation. All samples were heated at
560C. for 30 minutes, then stored in rub-
ber-capped vials at -15°C. until used.

4The authors are indebted to Dr. D. 0. Everson, Bio-
metrical Services, Agriculture Res. Center, ARS, Belts-
wille, Md., for advice and technical assistance.

PD
50

Serum antibody titers were determined
using a constant virus-fivefold serum dilu-
tion virus neutralization test. Virus for
the test was tissue-cultured FMDV A-119
diluted so that each 0.03 ml. dose of serum-
virus mixture contained 100 mouse LD50.
Ten 6- to 9-day-old Rockefeller H strain
mice were used as indicator hosts for each
test mixture. Mice were inoculated intra-
peritoneally and serum endpoints, based on
survival numbers, were calculated with the
method of Reed and Muench (16). Anti-
body titers were expressed as 50 per cent
protective dilutions (PD50) derived as the
logarithm (base 10) of the reciprocal se-
rum dilution protecting half the mice
against 100 mouse LD50, FMDV A-119.

Analysis of variance of all PD50 values
was determined as described by Snedecor
(17). Variation was partitioned into ef-
fects that were due to adjuvants, individual
cattle, routes of inoculation, days after
inoculation, and the interactions between
these components.4

IMMUNITY STUDIES

At 224 days after inoculation, the im-
mune status of the test cattle was chal-
lenged. Half the cattle in each adjuvant
group were exposed by direct contact with

Oil
---- Gel

50 100 150 200
DAYS AFTER INOCULATION

Fig. 1.-Geonetric Mean Antibody Titers for Cattle Inoculated with Formalin-Treated FMDV Adsorbed to Alu-
mina Gel or Emulsified in Oil. (PD50 endpoints expressed as the logarithm of the reciprocal serum dilution pro-
tecting half the mice inoculated with 100 LD50 of mouse-adapted FMDV. Vertical lines through each sampling date
represent the standard error of the day's mean.)
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an equal number of infected cattle and the
other half by direct inoculation of homo-
logous virulent cattle virus.

A. Inoculation Challenge. Two cattle from
each adjuvant and route group were ran-
domly selected and moved into isolation
pens. Each animal was inoculated with 7,-
000 bovine ID50, FMDV A-119 using a sin-
gle intra-epithelial injection on the lingual
dorsum. Injection of the challenge dose
(.03 ml.) was performed without anaesthe-
sia. Infectivity of the challenge virus was
predetermined by titrations in cattle as de-
scribed by Henderson (18). During the
next 14 days, each animal was examined
twice daily for signs of foot-and-mouth
disease.

B. Contact Challenge. The remaining 8
cattle were moved into a large isolation pen
containing 9 normal control steers. One
control steer was selected as a virus donor
and inoculated with the same procedure
and virus dose used for challenge by direct
inoculation. For the next 17 days, this "ex-
perimental herd" was observed for signs
of FMDV contagion.

Results
Cattle inoculated with the adjuvant-an-

tigen preparations as described in this re-
port did not develop fever or lesions refer-
able to virulent FMDV as a result of the
inoculation.
The oil adjuvant preparation was mixed

with antigen until all the aqueous phase
was stabilized. At the time of inoculation,
this preparation contained 78 per cent
emulsion, 22 per cent excess oil phase,
and its relative viscosity was 0.86.

ANTIBODY RESPONSE:

Analysis of variance indicated a nonsig-
nificant difference in routes of inoculation
which permitted the individual PD50 values
for each adjuvant group to be pooled. Geo-
metric mean PD50 values for each group,
and the standard error for each mean, are
shown in Figure 1. As illustrated by Figure
1, the antibody response pattern for the gel
group is qualitatively similar to that ob-
tained with FMDV vaccines currently used
(19). In this group, antibody appears by
7 days after inoculation, rises to peak
levels between 14-28 days, and then de-
clines to a plateau. Although both adjuvant
groups reacted similarly during the first
28 days, antibody levels in the oil group

thereafter were sustained near peak levels
while those in the gel group fell to a pla-
teau. In the plateau region, a six- to ten-
fold difference was maintained between
the two adjuvant groups for the remain-
der of the test period.

IMMUNITY STUDIES

A. Inoculation Challenge. Within 24
hours, each animal had a primary lesion
at the site of inoculation, but there was a
striking difference in the size and appear-
ance of lesions between the two adjuvant
groups. Cattle in the oil adjuvant group
had dry, sessile lesions 1-3 cm. in diameter,
and there was no further development of
mouth lesions after 24 hours. At 24 hours,
cattle in the gel group had turgid vesicles
3-6 cm. in diameter which showed continu-
ous enlargement for 72 hours. In one steer
(Table I, No. 3021), the entire lingual dor-
sum was affected by the third day. Within
72 hours after inoculation, all animals in
both groups developed fevers above 103°F.

Individual antibody titers and challenge
reactions are summarized for this group
in Table I. Each animal reacted with a
marked antibody response as evidenced by
differences in PD50 values between 7-14
days after challenge. Where generalization
of lesions occurred, it was completed by
the third day except in steer No. 3074
where lesions were found on the sixth day.
Three of the four cattle in the oil adjuvant
group resisted challenge while all cattle in
the gel group developed generalized lesions.

B. Contact challenge. The morning after
inoculation of the donor steer, lesions were
found in the mouth and on the feet of this
animal. After 4 days, 3 control steers had
similar lesions; an additional 4 on the sixth
day, and the last control steer had lesions
8 days after the donor was inoculated. Feb-
rile response in the control cattle was noted
the same day or one day prior to lesion de-
velopment.
Serum samples from cattle in both ad-

juvent groups were assayed for antibody
7 and 14 days after exposure. Marked an-
tibody response in any steer not having
lesions was accepted as proof of exposure
to FMDV sometime during the 17-day ob-
servation period. The results of this ex-
periment are also shown in Table I. In
every instance where cattle in either ad-
juvant group developed lesions, fever above
103°F. was noted 1-3 days before the le-
sions were observed. Steer No. 3040 was
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TABLE I - Resistance of 12 Cattle 224 Days after Inoculation with Formalin -Treated FMDV

Antibody Titers3
Adjuvant Challenge. Lesions2 Days after Challenge

Steer No. + Route' Method Mouth Feet 0 7 14

3021 Gel - IM Inoculated + + 0.9 4.8 4.3
3080 Gel - IM Contact + + 0.9 2.4 4.4
3081 Gel - IM Inoculated + + 1.1 5.0 4.9
3074 Gel - SC Inoculated + + 1.3 4.9 4.5
3050 Gel - SC Contact + 0 1.4 1.1 4.1
3071 Gel - IM Contact + + 1.5 1.8 4.0
3045 Gel - SC Inoculated + + 1.7 5.1 4.3
3077 Gel - SC Contact 0 0 2.1 1 8 3.6
3076 Oil - IM Contact + + 0.5 <0.3 4.2
3090 Oil - IM Contact + + 2.0 2.1 4.1
3070 Oil - IM Inoculated 0 + 2.0 4.8 4.3
3040 Oil - SC Contact 0 0 2.1 2.0 4.0
3075 Oil - IM Inoculated 0 0 2.5 3.7 4.2
3018 Oil - SC Contact 0 0 2.5 2.6 3.4
3038 Oil - SC Inoculated 0 0 2.6 3.7 4.2
3026 Oil - SC Inoculated 0 0 2.9 4.4 4.8

1. IM = intramuscular route; SC = subcutaneous route.
2. Oral lesions were marked positive if vesicles or erosions appeared anywhere in the mouth, except in the

immediate vicinity of injection site, after challenge inoculation; feet were marked positive if
vesicles appeared on one or more feet.

3. PD50 endpoints expressed as the logarithm of the reciprocal serum dilution protecting half the mice
inoculated with 100 LD50 of mouse-adapted FMDV.

febrile on the 8th day after exposure, but
subsequently did not develop lesions. Two
of four cattle in the oil adjuvant group re-
sisted this challenge while 1 of 4 in the gel
group was resistant. Anamnestic antibody
response found in the cattle not having le-
sions is evidence that their immunity was
challenged.
One might note in Table I that no gen-

eralized lesions occurred in cattle with PD50
values approximating 2.5 or higher. How-
ever, cattle with PD50 values approximat-
ing 2.0 gave variable results suggesting
this level of serum antibody does not indi-
cate dependable immunity. These data are
in general agreement with data reported
by Borgen, et al (20), where immunized
cattle with antibody titers of 1:256 resisted
a contact challenge.

Discussion

The results of this study have shown
that use of oil adjuvant involved a more ef-
ficient antigen stimulus and a more sus-
tained antibody response than did use of
gel adjuvant with the same antigen mass.
Immunity studies have also shown that cat-
tle in the oil adjuvant group were more
resistant to re-infection indicating that
duration of immunity from a single dose
of emulsified antigen may extend well be-
yond that ordinarily obtained with FMDV
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vaccines in current use. These results in-
dicate the potential value of oil adjuvants
with FMDV vaccines.

However, it must be recognized that
general use of emulsified antigens could
be a hazardous procedure until more exten-
sive studies resolve questions regarding
certain disadvantages associated with
Freund-type adjuvants. These disadvan-
tages, which tend to restrict application of
emulsified antigens to research problems,
are related to the occasional pyogenic, cy-
stogenic, and allergic reactions attributed
to their use. Indeed, ingredients known to
cause these reactions have been deliberate-
ly used to induce allergic phenomena in ani-
mals for comparison with certain human
disease syndromes (21, 22). However, it is
also known (23) that antigen emulsions
prepared without these noxious agents,
still retain remarkable adjuvant activity.
The oil adjuvant used in this study was
prepared with materials free from known
noxious agents. Throughout this study, no
signs related to allergic reactions were
seen in test cattle inoculated with oil ad-
juvant. Similarly, post mortem inspection
of these cattle gave no gross evidence of
abnormal tissue reactions.
Another disadvantage with oil adjuvants

is a tendency for phase separation when
inadequately emulsified. Berlin (15) first
recognized that emulsion stability was not
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only related to storage quality but also to
adjuvant potency. Stability of vaccine
emulsions has been difficult to evaluate
unless samples are stored and observed
over long periods of time. Characterization
of stability as described in this report
appears to give a good practical reference
to stability since no aqueous phase separa-
tion occurred after 7 months in sterile sam-
ples held at 4°C. Unstable samples pre-
pared for comparison did show marked sep-
aration on storage when the initial test
showed any degree of aqueous phase sep-
aration.
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Collection of blood samples from caudal vessels of cattle.

The collection of blood samples from the
caudaul vessels of cattle is described. This
technique requires little restraint and prov-
okes little or no excitement in most cattle.
The site of injection is at the second or third
coccygeal intervertebral space posterior to the
junction of the tail with the body, and exactly
on the ventral midline, as determined by the
hair pattern. The needle used is either a Cali-
fornia bleeding needle or an 18 gauge, N inch
hypodermic needle. After cleaning the site
and elevating the tail the needle is inserted
at right angles to the tail to a depth of about

Y2 an inch. The neelde enters the intervertebral
space and is then slowly withdrawn until
blood flows from it. If only a few drops of
blood appear the tail is lowered slightly so
as to allow of a freer blood flow. After with-
drawal of the needle and lowering of the tail
a small hematoma usually forms which is
quickly absorbed. If the initial attempt is
unsuccessful one of the other coccygeal spaces
should be tried. The technique can also be
used for injection of drugs into the blood-
stream.

New Zealazd Vet. J. 10:41, 1952.
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