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SYNOPSIS

Parallel dose-response experiments were carried out in infants
and guinea-pigs employing mixed antigens, e.g., diphtheria formol-
toxoid (plain) mixed with H. pertussis vaccine, and with H. pertussis
vaccine and tetanus toxoid (plain).

It is found that the slopes of the dose-response regression lines,
particularly in respect of the diphtheria antitoxin responses, are
so greatly different in the two species that the guinea-pig cannot
be used as a test-animal for response in children and that the
concept of " units of antigenicity " receives no practical support.

Since the adjuvant effect of pertussis vaccine on formol-toxoid
appears to be inconstant, it is suggested that this property be
regarded solely as a " bonus" to the intrinsic antigenic activity of
the toxoid and that, for purposes of laboratory control of such
mixed antigens, the toxoids should be tested against the Inter-
national Toxoids (plain) alone, i.e., not mixed.

In a previous communication (Spiller et al., 1955) we reported our
findings where the point at issue was the comparison of two clinical
procedures:

1. Three monthly doses of Haemophilus pertussis vaccine followed
immediately by two 0.5 ml doses of PTAP (purified toxoid, aluminium-
phosphate precipitated) also given at a month's interval.
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2. Three doses of combined fluid diphtheria toxoid and H. pertussis
vaccine, administered at monthly intervals.

The children employed in this first trial were aged 3 months at their
first inoculation; they were bled when aged 15 months-some 8-10 months
after their last injection. It was found that those children who received
the three doses of combined prophylactic had a geometric mean titre of
diphtheria antitoxin of 0.54 U/ml of serum, a value considerably in excess
of that following two doses of alum-precipitated toxoid (APT) measured
under very similar conditions, yet lower than that from the group which
received two doses of PTAP and who had a geometric mean of 0.88 U/ml.

Because of the success of the combined prophylactic and its advantage
of requiring only three clinic visits instead of five, a more elaborate type
of trial was planned.

The primary purpose of the new investigation was to obtain data on
the correlation between field and laboratory performance of a series of
mixed antigens. The work was divided into three main parts.

Part 1. This part of the investigation was to observe the effect, on the
Schick conversion rate (SCR) measured one month after one inoculation,

FIG. 1. INFLUENCE OF DIFFERENT DOSES OF H. PERTUSSIS VACCINE ON
SCHICK CONVERSION RATE FROM 30 Lf FT, ONE MONTH AFTER

ONE DOSE IN YEAR-OLD INFANTS
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of the addition of different amounts of (a) H. pertussis vaccine, and
(b) purified tetanus toxoid (TT) to a fixed amount of purified diphtheria
toxoid (FT) and to study the effect of the addition of 5 LfTT to an
FT-pertussis mixture. The results of this piece of work have been published
(Bousfield & Holt, 1957) and, in brief, showed: (1) that there is an optimum
ratio of TT to FT for maximum SCR at about 12 Lf TT to 30 Lf FT,
where the TT appeared to have a mild but limited adjuvant effect on the
FT; (2) the adjuvant effect of H. pertussis vaccine was continuous between
the limits of 5000 million and 20 000 million microbes and far more marked
than for the TT; but (3) the addition of 5 Lf TT to a 30 Lf FT/20 000
million H. pertussis mixture resulted in a just significantly lower SCR than
when the TT was omitted.

Part 2. This comprised the comparison of dose-response regression
lines in infants, where their sera were assayed for antitoxin. These infants
received graded doses of two mixtures: mixture A consisted of 40 Lf FT
and 28 000 million H. pertussis, and mixture B of 40 Lf FT, 8 Lf TT and
28 000 million H. pertussis. Groups Al, A2 and A3 and groups Bi, B2 and
B3 received full, half and quarter doses of mixtures A and B respectively.

FIG. 2. INFLUENCE OF DIFFERENT DOSES OF H. PERTUSSIS VACCINE ON
THE GEOMETRIC MEAN TITRE OF ANTITOXIN FROM 30 Lf FT, ONE MONTH

AFTER ONE DOSE IN YEAR-OLD INFANTS
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Infants, aged between 2½V2 and 31/2 months at the time of their first
injection, were randomly selected and given their inoculations (three) at
4-week intervals; they were all bled at the age of 15 months. The sera
from the six groups were assayed for their diphtheria antitoxin titres and,
in addition, in the B group for their tetanus antitoxin titres; between
40 and 50 sera were available from each group. The diphtheria antitoxin
titres were assayed to within 10% and the tetanus antitoxin titres by
serial dilution, and the geometric mean of the limits recorded.

Part 3. This comprised the animal work on the same prophylactics as

used in Part 2; the members of the groups of guinea-pigs used (18 per
group) received graded doses of the two mixtures. The animals were

inoculated subcutaneously on the ventral wall, each dose being given in
1.0 ml; they were bled 8 weeks after the inoculation. The sera were titrated
for tetanus and diphtheria antitoxin as for the children's sera.

In all the above work the same primary reagents were used.

FIG. 3. DOSE-RESPONSE REGRESSION LINE FROM TRIPLE PROPHYLACTIC,
ONE MONTH AFTER ONE DOSE IN YEAR-OLD INFANTS

Part 1. Schick Conversion Rate in Infants following One Inoculation

The results, presented graphically in Fig. 1 and 2, show the marked
adjuvant effect of pertussis vaccine on the antigenicity of fluid diphtheria
toxoid.

Since these SCR findings were published the following further Schick
data have been collected using different' primary reagents. The object of
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ANTIGENICITY CHARACTERISTICS OF MIXED ANTIGENS 1125

this experiment was to obtain information on the relation between SCR and
the dosage of a triple prophylactic; the full dose was 30 Lf FT, 5 LfTT
and 20 000 million H. pertussis in 1 ml. The following results were obtained
28 days after one inoculation:

Log geometric mean
Dose Post-Schick Percentage Total Probit titre of antitoxin
(ml) + - SCR cases Y. SCR (calculated)

1 25 123 83.1 148 5.96 2.171
0.5 36 115 76.1 151 5.71 2.000
0.25 48 100 67.6 148 5.46 3.820

These data, presented graphically in Fig. 3, show a very good linear relation
between probit % SCR and log dose; the value of b (probit % SCR/log
dose) is 0.834 and that of B (log geometric mean antitoxin/log dose) is
0.583. This latter was calculated from the equation relating percentage
SCR and log geometric mean (Holt, 1955) but may be obtained directly from
b by multiplying it by 0.7.

Part 2. Dose-Response Regression Lines, in Infants,
from a Double and Triple Prophylactic

The individual antitoxin titres for all the children's sera are recorded in
Table 1, and presented graphically in Fig. 4. It will be seen from the latter

FIG. 4. ANTITOXIN RESPONSES IN INFANTS AGED 15 MONTHS TO
GRADED DOSES OF DOUBLE AND TRIPLE PROPHYLACTIC,

MEASURED 10 MONTHS AFTER END OF COURSE
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(a) that there is no significant difference between the diphtheria antitoxin
responses from the two mixtures (the lower diphtheria antitoxin response
from the triple mixture obtained when only one dose was given has now
disappeared); (b) that the means from the 1 ml, 0.5 ml and 0.25 ml doses are
practically identical; and (c) that the value of B between the 0.25 ml and
1.0 ml doses is very small, at about 0.04. The tetanus toxoid dose-response
regression line is nearly linear, with a shallow slope of about 0.4. Further-
more, the tetanus antitoxin responses are remarkably high at the lowest dose
level (2 Lf), being nearly 0.5 geometric mean.

Part 3. Dose-response Regression Lines, in Guinea-pigs,
to One Inoculation of a Double and of a Triple Prophylactic

These results are presented graphically in Fig. 5 and in summary in
Table 2. In one group, those receiving the smallest dose of the triple pro-
phylactic, the geometric mean for the diphtheria antitoxin responses could

FIG. 5. ANTITOXIN RESPONSES IN GUINEA-PIGS TO GRADED DOSES OF
DOUBLE AND TRIPLE PROPHYLACTIC, MEASURED 8 WEEKS

AFTER ONE DOSE WITH 18 ANIMALS PER DOSE
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TABLE 1. INDIVIDUAL DIPHTHERIA AND TETANUS ANTITOXIN TITRES
IN INFANTS (BARKING AREA) AT AGE 15 MONTHS WHO RECEIVED

THEIR FIRST OF THREE MONTHLY INJECTIONS OF A DOUBLE (A) OR
TRIPLE (B) PROPHYLACTIC AT AGE 2YX.3X MONTHS

Group Al Group A2 Group A3 Group Bi Group B2 Group B3
(1.0 ml) (0.5 ml) (0.25 ml) (1.0 ml) (0.5 ml) (0.25 ml)

D D D D T D T D T

0.3 0.4 0.002 0.3 1.0 0.3 2.0 0.015 0.2
0.4 0.002 0.125 0.25 0.5 0.06 0.2 0.25 0.5
0.125 0.1 0.25 0.2 2.0 0.3 1.0 0.3 0.2
0.3 0.004 0.06 0.3 1.0 0.125 0.2 0.15 0.5
0.6 0.3 0.1 0.04 0.5 0.2 1.0 0.125 0.2

0.125 0.15 0.3 0.4 1.0 0.6 2.0 0.001 0.5
0.125 0.15 0.8 0.25 2.0 0.2 2.0 0.15 0.2
0.3 0.4 0.08 0.3 0.5 0.04 0.2 0.04 0.32
0.3 0.06 0.005 0.002 1.0 0.125 0.5 0.2 2.0
0.5 0.5 0.04 0.005 0.5 1.5 2.0 0.06 0.1

0.125 0.6 0.015 0.06 0.2 0.3 2.0 0.15 0.5
0.06 0.3 0.15 0.03 1.0 0.08 1.0 0.125 0.2
1.25 0.3 0.3 0.03 0.2 0.15 0.5 0.3 0.2
0.25 0.8 0.125 0.15 1.0 0.2 1.0 0.25 0.2
0.25 0.2 0.03 0.05 0.5 0.06 2.0 0.3 0.2

0.15 0.25 0.004 0.15 2.0 0.06 0.2 0.3 1.0
0.025 0.4 0.5 0.15 2.0 0.8 2.0 0.15 0.2
0.2 0.3 0.1 0.6 0.2 0.25 1.0 0.125 2.0
0.125 0.2 0.2 0.15 2.0 0.6 0.5 0.2 1.0
0.06 0.5 0.015 0.025 0.2 0.02 0.2 0.2 0.5

0.3 0.15 0.02 0.3 2.0 0.06 0.2 0.8 2.0
O.C1 0.125 0.125 0.2 1.0 0.025 0.2 0.015 0.5
0.05 0.2 0.8 0.05 1.0 0.15 0.5 0.2 0.5
0.25 0.3 0.025 0.3 1.0 0.125 0.5 0.03 0.2
0.3 0.25 0.3 0.15 1.0 0.125 1.0 0.02 0.2

0.2 0.C02 0.3 0.2 1.0 0.4 1.0 0.3 2.0
0.02 0.2 0.5 0.5 2.0 0.8 2.0 0.03 0.2
0.5 0.5 0.02 0.02 0.05 0.2 0.5 0.1 0.5
0.2 0.3 0.2 0.001 0.2 0.0125 0.1 0.5 1.0
0.125 0.1 0.015 2.0 5.0 0.15 1.0 0.5 1.0

0.15 0.2 0.125 0.8 2.0 0.2 1.0 0.125 0.5
0.06 0.1 0.008 0.3 1.0 0.25 2.0 0.4 1.0
0.3 0.4 0.1 0.06 0.1 0.1 0.5 0.06 0.2
0.1 0.015 0.4 0.3 5.0 0.2 1.0 0.06 1.0
0.8 0.4 0.3 0.8 2.0 0.3 1.0 0.08 0.5

0.08 0.5 0.15 0.01 0.2 0.15 0.5 0.1 0.1
0.3 0.5 0.04 0.15 2.0 0.06 1.0 0.8 2.0
0.2 0.2 0.03 1.5 5.0 0.15 1.0 0.8 1.0
0.1 0.06 0.2 0.25 0.5 0.04 0.2 0.06 1.0
0.4 0.05 0.05 0.2 0.5 0.1 0.4 0.15 0.2

0.15 0.15 0.03 0.15 1.0 0.06 1.0 0.03 0.5
0.8 1.0 0.5 0.2 2.0 0.1 1.0 0.8 1.0
0.06 0.06 0.25 1.0 0.4 0.5 0.05 0.5
0.3 0.125 1.0 0.25 0.2 0.3 1.0
0.3 0.4 1.0 0.06 1.0 0.025 0.2

0.08 0.5 0.25 2.0 0.015 0.2
0.5 1.0 0.4 2.0 1.0 1.0
0.2 5.0 0.03 0.1 0.3 2.0

0.8 1.0
0.06 0.2

Number 45 43 42 48 48 50
Geometric mean 0.175 0.152 0.08 0.132 0.873 0.148 0.711 0.125 0.474
Log geometric
mean 1.2439 1.1829 2.9043 1.1217 1.9410 1.1693 1.8523 1.0975 T.6763
Standard deviation of
logs of titres 0.423 0.630 0.647 0.664 0.440 0.438 0.337 0.582 0.376

D = diphtheria antitoxin titre (U/ml serum) T - tetanus antitoxin titre (U/ml serum)
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not be calculated owing to a number of untitratably low sera. Nevertheless,
in so far as the data will permit, the diphtheria antitoxin responses are equal
in both cases for-equal doses of toxoid and the slope B of the regression
lines log geometric mean/log dose the same at about 2.2. The value of B for
the tetanus antitoxin responses, from the triple prophylactic, is very different
from that from the FT in either, the calculated value being 0.94; in the
infants it was about 0.4.

TABLE 2. ANTITOXIN RESPONSES, IN GUINEA-PIGS, TO DIFFERENT DOSES
OF A DOUBLE AND TRIPLE PROPHYLACTIC *

Mixture A (double) Mixture B (triple)

diphtheria antitoxin diphtheria antitoxin tetanus antitoxin
dose

titres (UlmI) dose
titres (U/ml) titres (U/ml)

(MI) log (ml)
geometric geometric geometric log geometric log
mean mean mean geometric mean geometric

I ~~~~~~~mean mean

1/16 0.132 1.121 1/12.5 0.273 1.437 0.184 1.266

1/32 0.021 2.330 1/25 0.059 2.772 0.125 1.1

1/64 0.0071 3.85 1/50 _ _ 0.05 2.7

* The animals, 18 per group, were bled 8 weeks after a single subcutaneous inoculation of 1 ml.

Discussion

The primary objective of laboratory control of antigens is, apart from
safety precautions, to provide an index of expected specific performance in
man. Such a procedure implies a numerical relationship between perform-
ance in a test animal and, say, a child. And because of marked variations in
the responses of groups of animals to the same materials, reference antigens
are essential for any degree of reliability to be placed on the results of such
laboratory tests. Furthermore, because of the phenomena of adjuvance and
interference in the case of mixed antigens it would seem obligatory to submit
to laboratory test entire mixtures, and not merely to test separately the
component parts.

The data presented above are concerned with the responses of children
and guinea-pigs to the same group of antigens, and show some of the
difficulties encountered in an attempt to correlate field performance with
laboratory results.

It has previously been shown (Barnes & Holt, 1955) that there is, in
guinea-pigs, evidence of an optimum ratio of H. pertussis vaccine to fluid
diphtheria toxoid for maximum response to the toxoid-which translated to
child dosage is 10 000 million H. pertussis/35 Lf. When the ratio of vaccine
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was doubled-equal to 20 000 million H. pertussis/35 Lf-the guinea-pig
responses were significantly lower.

It was decided, therefore, to observe whether there was a comparable
optimum ratio of vaccine to toxoid in children. For this we used a constant
amount of purified diphtheria toxoid to which were added different amounts
of H. pertussis vaccine. The results obtained (Fig. 1 and 2) show no evidence
of any falling-off in SCR as the quantity of pertussis is increased from
5000 million up to 20000 million/30 Lf toxoid. It is calculated that to
increase the SCR from 50% to 95 % means an increase of 14-fold in mean
antitoxin titre, and makes one dose of the 20000 million H. pertussis
mixture apparently almost as potent as one dose of PTAP-97.5 % SCR
(Bousfield & Holt, 1950).

In addition to the above range of doses of H. pertussis, another group of
the children were given a mixture containing 30 Lf FT, 20000 million
H. pertussis and 5 Lf TT. The SCR from these latter was significantly lower
than from the mixture without the addition of tetanus toxoid. The dose-
response regression line from a similar mixture, measured 28 days after one
dose (Fig. 3), is of value as it provides a first estimate of the value of B
(log geometric mean/log dose) for diphtheria antitoxin responses in infants
to a triple prophylactic. This value may be compared with the correspond-
ing value of B found in (a) infants who had received three spaced doses of
the prophylactic, and (b) guinea-pigs which had received one dose only of
the mixture.

It is a sine qua non in normal biometry that the slope of the dose-response
regression line obtained for the test preparation be the same as for the
standard preparation, otherwise the assay is invalid. Correspondingly, it is
essential that the slope of the dose-response regression lines in test animal
and child be the same for the same preparation in order that the former may
be used as a reliable indicator of expected performance in the latter-con-
trolled, of course, by the use of a suitable standard preparation in the
animal assay.

Summarizing the field and laboratory data given above, we have:
Value of B

Material and circumstances Diphtheria response Tetanus response

Triple Prophylactic
(a) Children, 28 days after 1 dose 0.6
(b) Children, 10 months after 3 doses 0.04 0.4
(c) Guinea-pig, 8 weeks after 1 dose 2.2 0.94
Double Prophylactic
(a) Children, 10 months after 3 doses 0.6
(b) Guinea-pigs, 8 weeks after 1 dose 2.2

From these figures it is clear that the main difficulty lies in the great
difference between the values of B for the diphtheria antitoxin responses
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from both double and triple prophylactics obtained in guinea-pigs and in
children; but the values of B are the same in guinea-pigs for both double
and triple, as also are the mean antitoxin titres. The same biometric difficulty
obtains in respect of tetanus antitoxin responses and to only a slightly
lesser degree.

From the above results we find that the second biometric requirement
is not obtained, although it must be admitted that, except in the case where
the ratio of H. pertussis vaccine to toxoid was doubled, the animal results
are not misleading in direction but only in degree. It is possibly true that,
if we had given our guinea-pigs three spaced doses of the double and triple
prophylactics, the values of B then obtained would be nearer to that found
in infants. To do this would, however, involve a time consumption for
routine assay purposes far greater than most laboratories would willingly
accept.

The purpose of laboratory control of antigens, from this present view-
point, is either (a) to provide a numerical prediction of performance in
man, or (b) to ensure that the material has a certain minimal specific activity,
e.g., to impose a minimal requirements test. The latter implies a minimal
performance in man which is accepted by the licensing authority as " satis-
factory ". But minimal requirements tests are, strictly speaking, not bio-
metry, but only screening procedures. It is to be hoped that eventually we
will have information on a minimal requirement of field perfirmance
numerically defined and one proved to be effective and accepted by all
licensing authorities.

The problem then remains to be able to translate laboratory data to
field performance. This latter is complex for a number of reasons, including
differences in laboratory procedure; some prefer single-dose assay pro-
cedures, others the two-dose method. Also, since two equal but spaced
doses are well known to be more effective than twice that of a single dose
(indeed, it has been calculated (see Spiller et al., 1955) that two doses of
APT or PTAP are worth some 14 times one dose), it is clear that the usual
concept of " units " when applied to antigenicity is quite invalid where
multidose systems of inoculation are employed. Nevertheless, the correla-
tion to be made is between laboratory data and the results from the complete
course of primary immunization as practised in the field. We prefer to
measure field results well beyond the secondary response peaks as we are
interested not in transitory maxima but in the far more sustained lower
titres present some time later.

Owing to the fact that the dose-response regression lines in children
and guinea-pigs, for the same materials, are grossly dissimilar, and in the
absence of a standard mixed antigen, it would seem impossible to overcome
the mathematical impasse presented by adopting classical procedures.
Even the response in infants one month after one dose of a mixture may not
be a reliable index of performance following three doses. This is evidenced
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by the lower response to the triple prophylactic compared with the double;
ten months after the last of three doses of each there is no difference.
Also we see that one dose of a diphtheria-pertussis mixture may give a
SCR, in infants, practically equal to one dose of PTAP, but three doses
of the double prophylactic gave a much lower antitoxin response than that
obtained from two of PTAP. Again the marked difference in the diphtheria
antitoxin responses from a double prophylactic (diphtheria-pertussis)
obtained in a previous trial (Spiller et al., 1955) is difficult to explain. In
the earlier trial the geometric mean titre of diphtheria antitoxin in similar
infants, measured 8 months after their third dose, was 0.54 U/ml. In this
present trial, carried out with very similar reagents and in identical circum-
stances, it is significantly lower, at about 0.14 U/rn]. (In the earlier trial
only 10 000 million H. pertussis/30 Lf of fluid toxoid were used, but it would
seem unlikely from the Schick work here reported that to double this ratio
would result ultimately in a much lower mean diphtheria antitoxin titre.)
That there may be significant differences in the adjuvant properties of
different batches of H. pertussis vaccine is possible; indeed, some evidence
for this has been reported (Bousfield & Holt, 1957). In brief, it would seem
that at present there is no simple laboratory procedure in respect of mixed
prophylactics which will provide a reliable index of performance in man.
We are therefore reduced to the necessity of adopting a minimal require-
ments test for laboratory control purposes, but one based on a very un-
certain field equivalent.

We are of the opinion that most of the biometrical difficulties encoun-
tered by attempts to correlate guinea-pig with child performance employing
these mixed antigens may be avoided simply by regarding the adjuvant
effect of the vaccine on the toxoids as a " bonus " of uncertain measure.
It is possible, however, to be certain of a minimal field performance if, in
the laboratory, the adjuvant value of the vaccine is disregarded, and the
toxoid by itself is controlled against the International Standard Toxoid
(fluid). It is important to point out that there is no evidence indicating a
lower antitoxin response in man consequent upon adding a vaccine to a
toxoid. This suggestion to submit to laboratory control each component
by itself may well seem a violation of the reasonable, but it does avoid the
biometric impasse in respect of diphtheria toxoid (fluid). And, furthermore,
since three doses of a formol toxoid, having a lower antigenic efficiency
than that employed to-day, laid the foundation of the success of mass
immunization against diphtheria, it does not seem too unreasonable to make
its performance the basis of a minimal requirements test, when it is to be
used in a three-dose course for primary immunization of infants.
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RESUMIE
La recherche de tests de laboratoire permettant de prevoir l'activit6 qu'auront dans la

pratique des antigenes, isoles ou mixtes, se poursuit pour plusieurs vaccins.
Les auteurs ont cherch 'a 6tablir un rapport entre les resultats de tests faits en labo-

ratoire sur le cobaye et ceux que l'on obtient chez les nourrissons vaccin6s par l'anatoxine
diphterique simple, additionn6e de vaccin anticoquelucheux, ou par le vaccin anti-
coquelucheux et l'anatoxine tetanique simple.

Or, les lignes de regression dose-reponse, plus particulierement pour l'anatoxine
diphterique, different si notablement que l'on ne peut se fonder sur les resultats obtenus
sur le cobaye pour prevoir ceux que donnera la vaccination des enfants, et l'on ne peut
envisager des lors d'introduire la notion d' unite antigenique ).

L'effet adjuvant du vaccin anticoquelucheux sur l'anatoxine diphterique semble
irregulier. Aussi doit-on considerer cette propriete du vaccin comme un simple facteur
susceptible de favoriser l'action de l'anatoxine, mais non mesurable. 11 convient en
consequence, dans les contr6les de laboratoire, de titrer seules les anatoxines diphteriques,
par rapport aux etalons internationaux d'anatoxines simples et non sous forme de melanges
avec d'autres substances antigeniques, bien qu'il puisse parailtre irrationnel d'6valuer
s6par6ment l'activite des composants d'un melange destine 'a l'immunisation. Le principe
est cependant defendable si l'on tient compte du fait que l'on ne connatt pas de cas oiu
I'addition d'un vaccin ait attenue l'action d'une anatoxine.
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