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The Assay of Diphtheria Toxoids in Guinea-pigs,
with Particular Reference to the Number of

Injections Given*
P. AGERHOLM CHRISTENSEN,' J. H. MASON 2 & MARY ROBINSON 3

Contrary to common belief there is a clear correlation between the primary antitoxin
response in guinea-pigs and the potential immunity established by the first injection of
toxoid. The magnitude of the secondary response is determined by the potency and amount
of the toxoid contained in the first dose and is largely independent of both quality and
quantity of that contained in the second dose. One-injection and two-injection methods of
assay would probably give the same answer if appropriate doses were chosen but the use
of more than one injection is recommended because the sera produced are more avid.
The first injection could be of graded doses of the toxoids under test and the second the
same for all animals, e.g., a suitable dose of a plain toxoid. A response metameter defined
as UO.2 was preferred to log U in analysing the results, U being the antitoxin concentration
in international units.

EVALUATION OF THE RESPONSE

Laboratory methods of estimating the antigenicity
ofdiphtheria toxoids are generally based on the ability
of the toxoids to immunize guinea-pigs, but the ways
of assessing the immunity vary. These may be based
on the percentage of immunized animals surviving a
test dose of toxin injected subcutaneously (Prigge,
1937), or on the percentage resisting the effect of
toxin injected intracutaneously (Greenberg & Roblin.
1948), or on the dimensions of the lesions produced
in the skin by predetermined doses of toxin (Long,
1950, 1956; Miles, 1954). The amount of toxin
tolerated by an immunized guinea-pig is closely
related to the concentration of antitoxin in its blood
and the titration of this antitoxin forms yet another
method of estimating immunity.
When this last method is used, it is generally

assumed that the distribution of the logarithms of
the antitoxin responses of the individual members of
a group of guinea-pigs to a given dose of toxoid is
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normal, and, further, that the mean of this distribu-
tion is linearly related to the logarithm of the dose
over a range of doses wide enough to permit the
potencies of different toxoids to be compared in
parallel line assays. It is also assumed that the
variance of the logarithmically transformed res-
ponses is independent of the dose, but even the
limited data provided by single experiments often
give the impression that the variance increases with
decreasing dose. This was clearly seen when the
variance was plotted against the mean response for
each of about 100 groups of from seven to ten guinea-
pigs immunized at different times during the past
years in this laboratory. In this connexion, Holt &
Barnes (1955) observed that the standard deviation
doubled when the dose approached the lower
" breakdown level ", and Barr & Llewellyn-Jones
(1951) noted a much higher scatter of the titres after
the injection of 1 Lf of alum-precipitated toxoid
(APT) than after the injection of 1 Lf of purified
toxoid, adsorbed on aluminium phosphate (PTAP).
The reason for this was probably that the response to
PTAP was much better than the response to APT
and not that a high variance is characteristic of
responses to APT. After a second dose of 1 Lf the
responses to the two preparations and the scatter of
the titres were about equal.
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FIG. I
REGRESSION LINES BASED ON THE DATA IN TABLES I AND II OF HOLT & BARNES (1955)

ANALYSED WITH U0' AS RESPONSE METAMETER
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The square root of the responses was found to be
linearly related to the logarithm of the dose but,
whereas the variance of the logarithmically trans-
formed responses increased with decreasing response,
the variance for the square-root transformation
showed just as marked a change in the other direc-
tion, i.e., it increased with increasing response.
Several transformations intermediate between these
were therefore tried and one defined as UO.2 was
chosen, U being the antitoxin concentration in inter-
national units. We thought it would be interesting to
apply this transformation to some of the data given
by Holt & Barnes (1955) because their unusually
extensive and detailed observations are well suited to
illustrate some advantages of this metameter over
the logarithmic transformation.

Holt & Barnes (1955; Table I) immunized 25
guinea-pigs with graded doses of PTAP in each of
two experiments (the doses were 0.2 Lf, 1 Lf and 5
Lf in the first experiment, and 0.04 Lf, 0.2 Lf, lLf
and 5 Lf in the second). Some guinea-pigs in the
smallest dose group in both experiments did not
respond and the logarithm of the median response
was accepted for these groups because the group
means could not be calculated, but the mean response
was calculated for the others. As shown in Fig. 1 of
Holt & Barnes' paper, the first experiment gave a
clearly linear response curve, parallel with that
fitted to the mean responses to the three smallest
doses in the second experiment. The response to
the largest dose showed, according to the authors, a
"falling-off" effect and was therefore ignored in
estimating an average regression coefficient for
PTAP response curves.
The mean response could be calculated for all

groups when U0-2 was used in the analysis, the
response being recorded as 0 for guinea-pigs without

measurable amounts of antitoxin. There was no
need to reject any of the observations and there were
no signs of non-linearity even when the highest dose
in the second experiment was included, but the two
regression coefficients were significantly different.
Fig. 1 in this paper shows the result. In addition,
the results of two experiments with formol-toxoid
carried out by Holt & Barnes (1955; Table II) were
analysed in this way. The two response lines differed
neither in slope nor in position and the regression
line was not as steep as those obtained with PTAP
(our Fig. 1, experiments 3 and 4). This agrees with
the results of the authors' own analysis.

SOME FACTORS AFFECTING THE RESPONSE

Apart from the way of measuring the response,
assay methods may differ in a number of other
technical details. Some workers stress the import-
ance of giving only one injection of toxoid (Carlin-
fanti, 1950; D'Antona & Piazzi, 1956) whereas
others prefer two (Barr & Llewellyn-Jones, 1951).
Further, the time elapsing between immunization
and test and the interval between doses, when more
than one is given, are at the whim of the research
worker. How such technical differences affect
potency assays is not clear, but other factors, such as
the diluent used, are known to be important, parti-
cularly if prophylactics of the adsorbed type are
being examined. As illustration may be mentioned
the elution of toxoid from APT by phosphate
solution (Jerne & Maal0e, 1949); another is the
flattening of the dose-response curve observed when
the concentration of one of an adsorbed prophy-
lactic's two active components, toxoid and adsor-
bent, is kept constant, and the concentrations of
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FIG. 2
SCATTER DIAGRAM OF PRIMARY AND SECONDARY ANTITOXIN RESPONSES IN
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* Four coincident points.

both are not varied simultaneously as they are by
simple dilution (Carlinfanti, 1950), a phenomenon
encountered on many occasions by one of us

(J. H. M.-unpublished observations).
It would obviously be wrong to rely on a single-

injection method of test if the primary response, as

measured by the amount of antitoxin produced, is
unrelated to the potential immunity established
(Barr & Llewellyn-Jones, 1951)-i.e., unrelated to the
later responsiveness to antigenic stimulation (Long,
1956)-because this lasting effect is far more import-
ant in the prevention of diphtheria than the transient
antitoxin concentration reached after the first
stimulus. But this may not be true. Fig. 2 shows a

scatter diagram in which the antitoxin responses

measured in 66 guinea-pigs four weeks after their
first injection are plotted against the responses

measured two weeks after their second injection,
given immediately after the first blood sample was

taken. The animals were immunized as groups at
different times and with different doses and different
preparations for the primary stimulation, but the
secondary stimulus was the same for all-namely,
2.5 Lf of a redissolved, freeze-dried toxoid, FD 135.
The diagram shows a fair scatter, yet the relationship
between primary and secondary responses is signi-
ficant (coefficient of correlation 0.616; t = 6.2, 64
d.f.).

Long (1956) based his observation regarding the
lack of correlation between primary responses and
later immunological behaviour on data summarized
in Fig. 2 of his publication, in which the diameter of
the lesions in the skin of guinea-pigs challenged
intracutaneously with toxin after primary and
secondary immunization are plotted against each
other. On first sight the evidence seems convincing,
yet all the measurements of primary responses are

larger than 14 mm, the value which separates immune
animals from those, with larger lesions, which have
failed to respond, according to unpublished obser-
vations by Long & Perry, quoted by Miles (1954).
It is possible, therefore, that no conclusions can be
drawn about the relationship between primary
response and subsequent immunological behaviour.

Measuring what he has named the " base-line "

titres, Holt (1951) found no significant correlation
between primary and secondary responses. In only
one experiment could the two responses be correla-
ted and, in this, the secondary response was measured
two weeks after the second dose which, he stresses,
was the equivalent in toxoid of the calculated total
circulating antitoxin. A later study (Barnes & Holt,
1955), dealing with responses to combined antigens,
contains records of both primary and secondary
responses for 142 guinea-pigs divided into 12
groups. The secondary response was measured 14
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days after the second injection and in seven of the
groups it was again measured either 19 weeks or six
months after the second injection. Using the meta-
metric transformation described here, we computed
the coefficient of correlation for each group; the
animals in two of the experiments (Barnes & Holt's
Table III, (a) and (b)) had received the same secon-

dary stimulus and were grouped together for the
purpose of this calculation. Except for one group
(Ila in Table I of Barnes & Holt), the correlation was
always significant when the primary responses were

compared with the early secondary responses. For
the secondary responses measured later, after either
19 weeks or six months, the only exceptions in which
no significant correlation could be demonstrated
were the two groups shown in their Tables III (c)
and IV (a). The coefficient of correlation was in most
cases significant beyond the 1% probability level
and the bulk of the evidence points thus to a clear
correlation between primary and secondary response.

When Barr & Llewellyn-Jones (1951) gave 0.25 Lf
of PTAP to identifiable guinea-pigs they found a

rough correlation between the amounts of antitoxin
produced by individual guinea-pigs after the first
and after the second injection. In another experiment
in which they compared the effect of 1 Lf of the
same PTAP with that of 1 Lf of APT, the response

to PTAP was distinctly better, but as the responses

after a second dose of I Lf were about equal they
suggested that the primary response need not
necessarily reflect the degree of potential immunity
established.

All these apparently conflicting observations are

explainable on the assumption that antitoxin concen-
tration and responsiveness increase with increasing
dose of toxoid and are correlated until a dose is
reached which produces maximum responsiveness
but not maximum antitoxin production. Thereafter
the antitoxin concentration continues to increase
as the dose is increased until the stage is reached
when the response curve for antitoxin production
begins to flatten. This explains why the superiority
of the PTAP over the APT used by Barr & Llewellyn-
Jones (1951), clear after the first injection, was not
demonstrated after the second. The animals in both
groups were fully sensitized by the first dose and this,
rather than the dose and quality of the toxoid used
as the secondary stimulus, determines the height of
the secondary response, as we shall show later in
this paper. Further, the apparently divergent
conclusions that can be drawn from the results
recorded by Holt (1951) and by Barnes & Holt

(1955) can be reconciled if the differences in the
magnitudes of the primary responses are considered.
All the mean primary responses recorded in the
second paper are small compared with those recor-
ded by Holt in the first communication, in which he
states that he used what he called an efficient
primary injection, presumably larger than that
necessary to sensitize the animals fully. Even if,
as we believe, the production of antitoxin and the
establishment of potential immunity by a single
injection of toxoid go hand in hand, the results of
one-injection and of two-injection assay methods
could still differ if the magnitude of the secondary
response was affected by some "quality " of the
toxoid, different from that which determines its
ability to sensitize and to cause antitoxin production
after the first injection. A series of assays was
planned to test this but was abandoned when the
experiments described below showed that neither
the preparation used for the second stimulus, nor the
dose-within the range of doses used-had any effect
on the secondary response, which was determined by
the quantity and quality of the toxoid contained in the
first dose.

EXPERIMENTS

Two preparations of PTAP, 180 and 158-9, both
containing 50 Lf of toxoid and 5 mg of aluminium
phosphate per ml, were compared in four experi-
ments, all planned as 6-point parallel line assays.
Dilutions were made in a 0.85% sodium chloride
solution and each dose was given to 10 guinea-pigs
which four weeks later were either bled from the
heart (Experiment 1) or reinjected and bled two
weeks later (Experiments 2, 3 and 4). The antitoxin
concentration of the serum of each guinea-pig was
measured intracutaneously in non-immunized guinea-
pigs and concentrations lower than 0.001 unit per ml
were recorded as 0. The method of analysing the
results was that recommended by Finney (1952) for
parallel line assays of this kind. The doses used, the
estimated potency ratios (PTAP 180/PTAP 158-9)
and the regression coefficients for the response lines
are recorded in the legend to Fig. 3, which shows the
results.
The first two experiments were of ordinary design;

three graded doses of both preparations were given,
one injection in Experiment 1 and two injections,
with an interval of four weeks, in Experiment 2.
The smallest dose of PTAP 158-9 failed to elicit any
response in Experiment 2, which therefore became a
5-point assay. The results of these two experiments
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FIG. 3
RESULTS OF FOUR ASSAYS OF TWO PREPARATIONS OF PTAP USING A ONE-INJECTION METHOD (A)

AND A TWO-INJECTION METHOD WITH THREE DIFFERENT DOSAGE SCHEMES (B, C & D).

o- ao PTAP1180 X- * PTAP 158-9

A. ExperIment 1:
Doses, 1, 3 and 9 Lf of PTAP 180 2, 6 and 18 Lf of PTAP

158-9; 1.5 has been subtracted from the logarithm of these
doses in order to simplify the figure.

Regression coefficient, 0.44 ± 0.040.
Potency ratio and its 5 % fiducial limits, 1.73 (1.24-2.39).

B. Experiment 2:
Doses of both preparations, 0.05, 0.15 and 0.45 Lf repeated

after four weeks.
Regression coefficient, 1.21 ± 0.18.
Potency ratio and its 5 % flducial limits, 2.22 (1.41-3.73).

revealed only that the potency ratios were in good
agreement (Fig. 3A and 3B), which supports the
belief that the two methods measure the same
thing, even if it does not prove it. Experiments 3
and 4 were planned to estimate separately the
relative ability of the two preparations to establish
potential immunity (Experiment 3) and to elicit a
secondary response in guinea-pigs all primed with
the same dose of a formol-toxoid (Experiment 4).
The results were unexpected. If one compares
Experiment 2 with Experiment 3 (Fig. 3B and 3C),

C. Experiment 3:
First dose as in Experiment 2, second dose 2.5 Lf of formol-

toxoid FD135.
Regression coefflcient, 1.10 i 0.13.
Potency ratio and its 5 % flducial limits, 2.24 (1.42-3.91).

D. Experiment 4:
First dose 2.5 Lf of formol-toxold FD135, second dose as in

Experiment 2.
No regression of response on dose, no difference between

preparations.

one sees that the potency estimates and the slopes
agree and that the positions of the response lines are
nearly the same. The two experiments were not
carried out simultaneously, but, even so, the result
does suggest that the response was barely, if at all,
influenced by either the type or the dose of the
toxoid given as the secondary stimulus-2.5 Lf of
FT or graded doses of PTAP. That the effect of a
second dose is determined by that produced by the
first was confirmed in Experiment 4 (Fig. 3D), in
which all the animals were sensitized with an
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identical dose of formol-toxoid. Despite the use of
two different preparations given in three different
doses, all the animals behaved after the second
injection as if they had been treated alike; an analysis
of variance revealed no significant difference among
the mean responses recorded for the six groups of
guinea-pigs. This was not due to a complete sensiti-
zation caused by the first dose of formol-toxoid
because preliminary experiments on similar lines
with the same formol-toxoid not only led to the
same conclusions but also showed that the res-
ponsiveness created by this toxoid had not reached
maximum after a dose of 2.5 Lf. It cannot, of course,
be excluded that the secondary response in Experi-
ment 4 might have shown regression on dose if
minute doses, well below 0.05 Lf, had been used.

DISCUSSION

A main objection to a method of assay which relies
on the measurement of antitoxin in guinea-pig sera is
their low avidity. But Jerne (1951), who emphasized
the importance of avidity, has demonstrated that it
increases substantially after a second injection and that
third stimulus sera are as avid as those from hyper-
immune horses, such as the international standard
serum in terms of which the antitoxin responses in
potency assays are measured and expressed. This
favours a two-injection method of assay and the
dosage scheme could follow that used in Experiment
3; i.e., the first injection could consist of graded
doses of the preparations under test and the second
could be the same for all the animals and could be a
suitable dose of formol-toxoid. The avidity objec-
tion could be ignored altogether after a third
injection, and the possibility of using a three-injection
assay method is being examined.

It is known that the time it takes for the maximum
response to develop depends on the type of toxoid
used (Hartley, 1945). It is therefore obvious that the
result of potency assays must depend on the interval
between injections and the time passing before the
animals are tested when toxoids of different types,
such as formol-toxoid and PTAP, are being com-
pared; but these preparations cannot legitimately be
compared because their dose-response curves are not
parallel. It is unlikely that the interval between doses
and the time to testing would be very important when
truly comparable prophylactics are being matched.
These differences have forced the World Health

Organization to set aside separate reference stan-
dards, one for formol-toxoid and another, contain-
ing aluminium hydroxide, for adsorbed prophylac-
tics. But, as far as we are aware, it has not been
shown that the dose-response curves for aluminium
hydroxide adsorbed toxoids are parallel with those
for PTAP or APT, nor has it been shown that these
two preparations are strictly comparable. If they
are not, other standards will be called for. Further-
more, the position of the response curve for PTAP
is known to depend on its phosphate content and it
is not unlikely that the slope could show the same
dependence. If so, it might be necessary not only to
introduce standards for every type of prophylactic
in use but also to adjust the adsorbent to the same
concentration per Lf before adsorbed preparations
could validly be assayed. To standardize the toxoids
before adsorption and to consider the enhanced
potency due to the adsorbent as a " bonus ", as has
been suggested for the adjuvant effect of Bordetella
pertussis in mixed vaccines (Holt et al., 1959), might
be a practical solution but would render potency
control impossible once the adsorbing agent has
been added.

R1tSUMt

Les methodes de laboratoire permettant d'evaluer le
pouvoir antigenique des anatoxines diphteriques sont
fondees en general sur la faculte de ces substances d'im-
muniser le cobaye; mais les techniques d'evaluation de
l'immunite ainsi etablie varient. Poursuivant leur etude
de la methode consistant a determiner la concentration
d'antitoxine dans le sang - qui est en relation avec la
quantite de toxine que peut tolerer l'animal immunise,
les auteurs envisagent dans cet article l'influence du
nombre d'injections d'anatoxine dans l'etablissement de
l'immunite.

Contrairement a l'idee generalement admise, il existe
une relation nette entre la reponse antitoxique primaire,
chez le cobaye, et l'immunite virtuelle, d6terminee par la
premiere injection d'anatoxine. La valeur de la reponse
immunitaire a la suite de la deuxi6me injection est d6ter-
minee par l'activite et la quantit6 d'anatoxine de la pre-
miere dose; elle est pour une tres large part independante
de la qualite et de la quantite d'anatoxine de la deuxieme
dose. La methode d'essai biologique donnerait probable-
ment les memes resultats, que l'on pratique une seule ou
deux injections, si l'on choisissait des doses convenables;

394



ASSAY OF DIPHTHERIA TOXOIDS IN GUINEA-PIGS 395

mais la technique des deux doses est recommand6e parce
que les serums ainsi produits font preuve d'une plus
grande avidit6. La premiere injection pourrait consister
en doses graduelles de l'anatoxine soumise au test, tandis
que la seconde serait la meme pour tous les animaux

- une dose convenable d'anatoxine simple, par exemple.
La fonction u0O2 a et6 pref6ree a log u, lors de l'analyse

des resultats de la reponse (u etant la concentration en
antitoxine, exprimee en unites internationales).
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