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SYNOPSIS

An in vitro test for the quantitative determination of the anti-
genic potency of poliomyelitis vaccine is described. This test-termed
the neutralizing-antibody-combining (NAC) test-is based on
the measurement of the capacity of an inactivated virus in tissue
culture to bind neutralizing antibody. Details of the experimental
design and technique are given, the authors stressing the importance
of using small and precisely known dosages of virus and anti-
serum and of incubating the test mixtures for a sufficiently long
period. In preparing the test mixtures, it is essential to incubate
first the vaccine + antiserum, and then add the virus. No vaccine
activity will be demonstrable if the test is set in the reverse order.

Experiments carried out with the NAC test have shown that:
(a) the test is type-specific; (b) the antigen-antibody union in the
system is irreversible; (c) vaccines containing preservative yield
the same potency titres as untreated vaccines; (d) the test gives
reproducible results; (e) the results of the NAC test did not always
agree with those obtained in animal potency tests, probably because
of vagaries in the latter; (f) dried vaccines retain their complement-
fixing activity, but lose their power to combine with neutralizing
antibody in vitro and to produce neutralizing antibodies in vivo-
a finding which suggests that the NAC test measures in vitro the
same antigen responsible for neutralizing-antibody production
in vivo.

Because the animal tests in current use (US Department of Health,
Education, and Welfare, 1956; Gard et al., 1956; Timm, Rope & McLean,
1958) for determining the antigenic potency of formalinized poliovirus
vaccines give varying results over a wide range, and in addition are expensive

The experimental work on which this paper is based was carried out, with the assistance ofMiss Margaret
Becker and Miss Barbara Brooks, while the autbors were at the Division of Biologics Standards, National
Institutes of Health, Bethesda, Md., USA. The laboratory work at the National Institutes of Health was
aided in part by a grant from the Mattoon Welfare Fund. The final analysis of the data and the compilation
of this report were performed at Baylor University College of Medicine.
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in animals and in time, an effort has been made to establish a quantitative
in vitro test. The test is based on a method proposed by Krech (1955) and
extended by Rightsel et al. (1956), in which the antigenic potency of inactiv-
ated virus is measured in tissue culture by its capacity to bind neutralizing
antibody. The antibody-combining procedures as described (Krech, 1955;
Rightsel et al., 1956) turned out to be unsatisfactory for routine use,
because of the irregularity of the results. However, a reliable, reproducible
test was developed, when we took cognizance of Gard's recent observations
(1957) on immuno-inactivation-namely, that prolonged incubation at
37°C is necessary for firmly combining poliovirus and its antibody.
The present paper describes the detailed operation of the quantitative

neutralizing-antibody-combining (NAC) test and its application to trivalent
commercial poliovirus vaccines. We were able to demonstrate that the
antigen measured in the in vitro test is associated with the immunogenic
antigen and not with the complement-fixing (CF) antigen.

Materials and Methods
Virus strains

Poliovirus type 1 (Mahoney), type 2 (MEF,), and type 3 (Saukett)
were used in the study. The stock virus was prepared in Dr S. Baron's
laboratory in the Division of Biologics Standards, National Institutes of
Health, Bethesda, Md., USA, from monkey kidney tissue culture. The
infective culture fluids were harvested and centrifuged at 2500-3000 revolu-
tions per minute. The harvested supernatant fluid was diluted to 10-3 and
kept in small aliquots at -20°C. For each experiment a new tube was used
and brought to the desired dilution. The titres of the stock virus solutions,
expressed as logarithms of plaque-forming units (PFU) per ml, were:
for type 1, 7.7; for type 2, 7.5; for type 3, 7.5.

Immune sera
Standard National Foundation hyperimmune monkey sera were used

(Wenner et al., 1954) . The sera were diluted to 1: 50 each, and stored in
aliquots at -20°C. Before each experiment they were brought to the
desired dilution.

Vaccines
Vaccines were obtained from various manufacturers, and usually were

free from preservatives. Lots containing preservatives were dialysed against
Hanks' solution at 4°C before use.

Bovine albumin
This material, without preservative, was obtained as a 22% solution

from the Ortho Pharmaceutical Corporation, Raritan, N.J., USA, and was
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diluted to make a 5.5 % stock solution, which is the equivalent of serum in so
far as its protein concentration is concerned. The stock solution was diluted
1 : 4000 before use.

Diluent
M-E Medium (0.5 % lactalbumin enzymatic hydrolysate-Earle's

solution), without serum, was used in all the experiments.
Assay system

The plaque technique of Dulbecco & Vogt (1954) was used as modified
by Hsiung & Melnick (1955), employing monkey kidney monolayer cultures
grown in 2-oz. (60-g) bottles, in medium 199 or M-H (0.5 % lactalbumin
enzymatic hydrolysate-Hanks' solution) with 2% calf serum free from
poliomyelitis antibodies. 1.5% agar in Earle's salt solution containing
0.01 % bovine albumin and 0.0017% neutral red was used for overlay.

Experimental design
Twofold vaccine dilutions (see Table 1), in l-ml amounts, were mixed

with equal volumes of the monkey antiserum in concentration just sufficient
to neutralize 99 % of the challenge virus. The concentrations used were
established from a series of preliminary serum titrations. It should be noted
that if serum was used in higher or lower concentrations, erratic results
were obtained.

The mixtures were kept in rubber-stoppered tubes in a 37°C water-bath
for 6 hours, and refrigerated overnight at 40C.1 The next day, 1 ml of
homologous virus containing 1000 PFU was added to the vaccine+anti-
serum system. The tubes were incubated for 6 hours more, again refrigerated
overnight, and then assayed by the plaque technique. Four bottle cultures

TABLE 1. DESIGN OF THE NEUTRALIZING-ANTIBODY-COMBINING TEST

I ml I ml I ml
of of 6 hours at 37°C of 6 hours at 37 C PLAQUEVACCINE * + SERUM * -- + VIRUS* -- PAQUE

overnight at 4°C overnight at 40C
1: 3, To neutralize 333 PFU 0.2 ml per

99 % of virus: bottle
1 :6,
etc.

Type1 1: 7500

Type 2 1: 3000

Type3 1:22500

* Vaccine, serum, and virus doses are expressed in terms of final dilutions per ml, that is,
after the final mixture of vaccine, serum, and virus.

5 In order to shorten the test, the virus may be added immediately after the first 6-hour incubation of
vaccine+serum. The omission of the overnight incubation at 4°C does not influence the results.
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were used for each dilution, the inoculum containing 0.2 ml of the final
vaccine+antiserum+virus mixture.

As controls, each experiment included virus, virus+serum, and virus+
vaccine, using 1: 4000 bovine albumin in M-E medium to substitute for
the serum, and M-E medium for the vaccine. The expected count of the
virus controls was 66 PFU per 0.2 ml of the final mixture. For the virus+
serum controls, the count was 0-5 PFU, and for practical purposes was
considered nil. The virus+vaccine controls were included in order to take
into account any possible inhibitory effect which some vaccines might have
exerted on plaque formation. The final readings of plaque numbers were
made after 3 days' incubation at 37°C.

Preliminary serum titrations
As mentioned above, prolonged incubation of virus+serum mixtures

led to a much higher degree of neutralization. Fig. 1 illustrates poliovirus
type 1 serum titrations obtained with twofold serum dilutions, using incuba-
tion periods of 1-24 hours at 37°C. For comparison, the results obtained
by the customary one-hour incubation at room temperature are also
included. The challenge dose consisted of 66 PFU of poliovirus type 1 per
0.2 ml of final mixture. Because of thermal inactivation, the challenge fell
to 43 PFU at the end of 24 hours. One can clearly observe the increasing
50% serum titres as the incubation periods of the virus+serum mixtures
were lengthened.

Similar results for the same virus+ serum system are illustrated in Fig. 2.
These results are plotted as percentage virus neutralization against time of
incubation of the virus+serum mixture. After 6 hours' incubation at
37°C, 99% neutralization was obtained with a serum dilution of 1: 7500,1
while a higher serum dilution, 1: 15 000, under the same conditions neu-
tralized only 82% of the challenge virus. With a lower dilution, 1: 3750,
95 % neutralization was observed after only 2 hours' incubation of virus+
serum at 37°C. Since a serum concentration without antibody excess was
required for the antibody-combining test, the serum dilution of 1: 7500
(initial dilution, 1: 2500) and an incubation period of 6 hours at 370C were
considered the most suitable for the poliovirus type 1 system. In like
fashion, we determined the optimal serum dilutions for the other types:
1: 3000 (initial, 1: 1000) for the type 2 virus+ serum system and 1: 22 500
(initial, 1: 7500) for the type 3. Table 2 illustrates the actual plaque counts
obtained when about 60 PFU of poliovirus type 1 were incubated at 37°C
with homologous serum at 1: 7500 dilution for increasing periods of time
up to 6 hours. Here again, prolonged incubation was observed to yield
increasing degrees of neutralization. Noteworthy is the failure to detect any
thermal inactivation of the control virus after being held at 37°C for 6 hours.

All the values represent final dilutions, that is to say, after the final mixture of equal volumes of
serum +virus+ diluent (the latter as a substitute for the vaccine). For example, in this case the initial serum
dilution used was 1: 2500.
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FIG. 1. EFFECT OF PROLONGED INCUBATION OF
THE VIRUS+SERUM MIXTURE-I
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TABLE 2. EFFECT OF PROLONGED INCUBATION OF VIRUS + SERUM MIXTURE
ON THE NEUTRALIZATION OF POLIOVIRUS TYPE I (MAHONEY)

BY ITS HOMOLOGOUS SERUM

Hours of Control Average Plaque count per Percentage
incubation plaque count of 0.2 ml in presence neutralizations

(per 0.2 ml) controls of 1 :7500 serum

At room
temperature:

1 58 42 26

At 37'C:
1 57 33 42

2 59 25 56

58 1 7 70

57

4 55 4 - 93

5 56 4 93

6 55 2 97

* Percentage neutralization Average control plaque count- plaque count in presence of serum 10
xAoaAverage control plaque count

Results

Tables 3-19 illustrate some of the experimental results obtained. Table 3
includes plaque counts obtained with a reference vaccine, J, and two com-
mercial vaccines, H and W, tested for type 1 antigenicity. The first two
horizontal rows of the table list the control counts for the virus alone and
for the virus+serum mixture. Although not taken into consideration in
further calculations, they nevertheless were included in every test, in order
to demonstrate that adequate amounts of virus and serum were present
in the test systems. For practical purposes the number of plaques in the
virus+ serum control was considered nil. The control counts in the presence
of vaccine and absence of serum are presented in the following three rows;
for purposes of the calculations, their average was considered as the expres-
sion of 1000% virus activity. The lower half of the table, labelled " Test ",
clearly shows the reduction of plaque counts with vaccine dilution.

Mode of expression
The capacity of a given vaccine to combine antibody was measured

in terms of the " neutralizing-antibody-combining unit 33 (NACU 33). "
NACU33 is equivalent to the amount of vaccine necessary to bind 33 % of
the neutralizing antibody present in the test serum, and it is determined
from the vaccine dilution where 33% plaque formation appears. The
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100% plaque formation in each test is established as the average of all the
control virus+vaccine counts in the test. Counts under an average of 5
plaques per bottle were not included in the calculations. Thus, in the test
shown, the number of NACU33 per 0.2 ml of vaccine was 22 for the type 1
component ofvaccine J, 12 for that of vaccine H, and 8 for that of vaccine W.

It is desirable to express the activity of a vaccine by its potency ratio to a
standard vaccine. Therefore, we have expressed all of our results in terms
of the ratio to Salk's vaccine J. In the illustration in Table 3, a ratio of 0.54
was obtained for the type 1 component of vaccine H, and of 0.36 for that of
vaccine W. The results obtained for type 2 and type 3 antigenicity of the
same vaccines in the same test are shown in detail in Tables 4 and 5, res-
pectively.

The data of Tables 3, 4, and 5 have been summarized in Table 6, which
presents the NACU33 potency values and potency ratios to vaccine J.
There is a clear difference in antigenic potency between vaccines H and W,
the latter lacking detectable type 2 and 3 antigenicity.

Comparison of NACU33 and NACU50

As can be observed from the tables above, a 33% end-point was used in
our calculations instead of the 50% one conventionally used for measuring
virus or serum titres. The reason for this is that the values obtained at the
33% end-point enabled us to express quantitatively the potency of weaker
vaccines. Fig. 3 represents a typical experiment which illustrates the
advantage of the 33% over the 50°% end-point. Two reference vaccines,
J and NIH-1, and commercial vaccines VN and VM, were tested for type 2
antigenic potency. Vaccine NIH-1 had been prepared so as to contain the
same concentration of types 1 and 3, but only 40% of type 2 antigen, as
contained in vaccine J. This was done because vaccine J, when tested in
chicks and monkeys, produced type 2 antibody titres disproportionately
high in relation to types 1 and 3. The potency curves were obtained by
plotting the actual plaque counts in the test against vaccine dilutions. The
right-hand ordinate represents the percentage vaccine activity (for defini-
tion, see legend to Fig. 3). The line drawn at the 50% end-point intersects
only the curves for the reference vaccines, at the level of vaccine dilution
1: 10.8 for vaccine J and 1: 3.4 for NIH-1, leaving the two commercial
vaccines with lower potency below the level of measurement. The line drawn
at the 33 % end-point intersects all the curves in the experiment.

Table 7 shows the 50% and 33% values and the ratios to the type 2
antigen of vaccine J derived from the same experiment. By using the 33%
values, a ratio of 0.23 was calculated for vaccine VN and of 0.17 for vaccine
VM. With a vaccine of good potency, such as vaccine NIH-1, the ratio
derived from the 50% values was almost identical with the one derived
from the 33 % values.
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TABLE 6. VALUES FOR TYPE 1, 2, AND 3 ANTIGENIC POTENCY
OF VACCINES J, H, AND W

NACU33 Potency ratio
Vaccine per 0.2 ml of vaccine to vaccine J

type 1 type 2 type 3 type 1 | type 2 type 3

J 22 19 12

H 12 6 7 0.54 0.32 0.60

W 8 <3 <3 0.36 <0.16 <0.25

FIG. 3. ESTIMATIONS OF 50% AND 33 % END-POINTS OF TYPE 2 ANTIGENIC
POTENCY WITH VACCINES J, NIH-1, V, AND VM
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A statistical analysis of the results from repeated experiments with
various vaccines was done in order to establish the range of variation in
NACU33 values as compared with NACU50 values. From the analysis
of the results obtained for vaccine J in 18 experiments over a period of
several months, one can see (Table 8) that, as expected, the mean NACU33
values were higher than the NACU50 ones. Regardless of whether the 33 %
or 50% end-point was used, there was no significant difference in the
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TABLE 7. NACU6O AND NACU,s POTENCY VALUES FOR TYPE 2
FOR VACCINES J, NIH-1, VN, AND VM

Type 2 Tppotency units potency ratio to vaccine J
Vaccine derived from:

NACUso NACU33
per 0.2 ml per 0.2 ml
of vaccine of vaccine NACUso NACU33

J 10.8 18

NIH-1 3.4 6 0.31 0.33

VN <3 4.2 <0.31 0.23

VM <3 3 <0.31 0.17

standard errors or in the coefficients of variation (for definitions, see foot-
notes to Table 8). For example, the calculations for type 1 potency showed
a mean NACU50 of 11.4 with a standard error of + 0.9. Although the
standard error for the NACU33 values was higher (+ 1.4), its significance
was still the same, taking into consideration the higher mean value of 17.1.
This is best shown by the almost identical coefficients of variation: 34.5%
for NACU50 and 32.7% for NACU33.

The statistical data for repeated experiments with various vaccines are
summarized in Tables 9 and 10. These results confirm those obtained for
vaccine J-namely, that there was no greater variation between the values
calculated at the 33 % end-point than between those calculated at the 50%
end-point. This was true both for the NACU50 and NACU33 potency
values of these vaccines (Table 9) and for their NACU50 and NACU33
ratios to vaccine J (Table 10).

Type specificity
The NAC test described above is type-specific. The results of a typical

experiment designed to test the effect of heterotypic antibodies are shown
in Table 11. A monovalent type 2 antigen showed a very high potency in
its homologous system (type 2 virus and serum), yielding 20 NACU33 per
0.2 ml of vaccine; but no activity at all was detected in the heterologous
systems.

Irreversibility of antigen+antibody union
Experiments were set up to see if we could repeat, with our system, the

findings of Krech (1955) on the reversibility of the virus+antibody union,
and also of the vaccine+antibody union. In our hands, using minimal but
completely effective serum concentrations, and incubation periods of
6 hours at 37°C, this binding was irreversible. If we incubated first the virus
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TABLE 8. NACUso AND NACUss VALUES FOR VACCINE J IN REPEATED TESTS:
MEAN UNITS, STANDARD ERRORS, AND COEFFICIENTS OF VARIATION DERIVED

FROM THESE EXPERIMENTS

Experiment _NACUso for: NACU33 for:
No. type 1 type 2 type 3 type 1 type 2 type3

1 17 14 6 22 19 14

2 19 10 ND* 23 12 12

3 10 10 6 12 14 9

4 16 10 8 21 14 12

5 9 10 ND 11 12 ND

6 10 8 ND 12 11 ND

7 9 ND 8 15 ND 11

8 10 11 7 ND ND ND

9 12 10 11 ND ND ND

10 6 19 7 9 21 11

11 9 8 7 13 17 15

12 9 7 6 24 10 10

13 11 21 9 22 38 10

14 14 13 13 23 25 18

15 12 10 11 18 31 18

16 6 11 9 9 20 20

17 9 24 21 17 48 33

18 18 24 9 23 36 17

Mean value 11.4 12.9 9.2 17.1 21.8 15.0

Standard
error ** +0.9 ±1.2 ±1.0 ±1.4 ±2.9 ±1.7

Coefficient
of varia-
tion * 34.5% 37.0% 41.8% 32.7% 52.0% 41.0%

* ND - not done
**Standard error ==

Standard deviationerror = lA/Number of observations

*** Coefficient of variation = Standard deviation x 100Mean X10

with the serum and then added vaccine, antigenic activity (that is to say,
plaque formation in the assay bottles) could not be observed. Once the
virus+antibody complex was formed, even the most potent vaccine used
could not reverse the reaction and free the virus. Table 12 (right-hand side)
illustrates the complete lack of antigenic activity observed for vaccine
J when tested in this reverse manner, that is, when the vaccine was added to a
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TABLE 9. MEAN VALUES, STANDARD ERRORS, AND COEFFICIENTS
OF VARIATION OF NACU,o AND NACU33 POTENCY VALUES

FOR VARIOUS VACCINES

NACU5o NACU33

Vaccine * Poliovirus
type mean standard coefficient mean standard coefficient

value error of variation mvalue s rd of variation

1 11.4 ±0.9 34.5 17.1 ±1.4 32.7
J

(18 exp.) 2 12.9 ±1.2 37.0 21.8 ±2.9 52.0

3 9.2 ±1.0 41.8 15.0 ±1.7 41.0

1 8.1 ±0.7 27.0 12.7 ±0.7 19.0
NIH-1 2 5.6 ±1.0 52.0 9.2 ±1.8 40.0(1 1 exp.)

3 9.4 ±1.8 56.0 16.5 ±2.8 52.0

1 4.8 ±0.2 10.0 8.0 ±0.8 23.0

(5 exp.) 2 4.5 ±0.3 13.0 6.3 1.0 30.0

3 7.2 ±2.4 73.0 11.6 ±2.2 42.0

1 4.9 ±0.5 26.5 8.0 ±1.1 37.5
H

(7 exp.) 2 3.1 ±0.4 32.2 5.1 ±0.4 24.3

3 8.8 ±2.2 60.2 13.4 ±2.4 47.0

TABLE 10. MEAN VALUES, STANDARD ERRORS, AND COEFFICIENTS
OF VARIATION OF RATIOS TO VACCINE J FOR DIFFERENT VACCINES,

WHEN NACU,, OR NACU33 WERE USED IN THE CALCULATION OF THE RATIOS

NACU5o NACU33

Vaccine * Poliovirus
type mean standard coefficient mean standard coefficient

value error
ofvrain value error

o aito

1 0.84 ±0.08 26.0 0.90 ±0.06 19.0
NIH-1

(11 exp.) 2 0.50 ±0.11 56.0 0.50 ±0.07 36.0

3 0.99 ±0.08 18.0 0.96 ±0.06 23.0

1 0.50 ±0.04 18.0 0.60 ±0.10 41.0
Vo

(6 exp.) 2 0.36 ±0.07 41.0 0.28 ±0.02 20.0

3 0.70 ±0.15 53.0 0.70 ±0.10 35.0

1 0.39 ±0.08 51.0 0.44 ±0.08 45.4
H

(7 exp.) 2 0.28 ±0.02 17.9 0.27 ±0.02 20.4

3 0.93 ±0.10 26.8 0.84 ±0.10 32.1

* The number of experiments included in the calculations is shown in parentheses.
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TABLE 11. TYPE SPECIFICITY OF THE NAC TEST

Average plaque count per 0.2 ml of final mixture

vaccine dilution type 1 virus+ type 2 virus+ type 3 virus+1: 7 500 type 1 1: 3 000 type 2 1: 22 500 type 3
antiserum antiserum antiserum

Controls

1:3 45* 63* 45*

None 1 0 0

Test

1:3 0 60 0

1:6 1 56 0

1:12 0 51 0

1:24 0 18 0

1:48 0 9 0

* Control plaque counts obtained in the absence of antisera.

TABLE 12. NEUTRALIZING-ANTIBODY-COMBINING POTENCY DEMONSTRABLE
BY PRESENT METHOD ONLY IF VACCINE IS INCUBATED WITH SERUM BEFORE

ADDITION OF VIRUS

Plaque count per 0.2 ml of final mixture
Vaccine J (vaccine+serum)*+virus (virus+serum)*+vaccine

type 1 type 2 type 3 type 1 type 2 type 3

Controls

1:3 48 57 55 48 50 65

None 0 0 0 0 0 0

Test

1 :3 42 45 39 0 0 0

1:6 39 39 37 0 0 0

1:12 31 33 16 0 0 0

1:24 13 9 5 0 0 0

1:48 5 6 0 0 0 0

* The mixture incubated first is shown in parentheses.

previously incubated virus+ serum mixture. The left-hand side of Table 12
shows the results obtained for vaccine J in a parallel test set up in the usual
way, that is, with virus being added to a previously incubated vaccine+
serum mixture. Similar results were obtained in repeated tests with other
highly potent vaccines.
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Tests with vaccines stored with preservatives

As mentioned earlier, as a rule all the vaccines tested were free from
preservative. In order to determine whether the vaccines stored in the
presence of preservative behaved differently, samples of the same batches
of various commercial vaccines with and without preservative were tested.
The samples containing preservative were tested after dialysis at 4°C against
Hanks' solution. The data obtained in these parallel tests are summarized
in Table 13. It is obvious that the untreated vaccines and the vaccines
containing preservative yielded the same potency titres.

TABLE 13. POTENCY RATIOS OF VACCINES STORED WITH AND WITHOUT
PRESERVATIVES

* ND = not done

Reproducibility of results

With the test established, an important question to be answered was
how reliable the results would be from one test to the next. In a number of
tests over a period of several months, both vaccine J and vaccine NIH-1
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were used as references. Thus data became available to allow a series of
potency ratios between these two vaccines to be calculated. The results,
listed in Table 14, proved to be remarkably constant.

NACU33 values and potency ratios to vaccine J obtained from repeated
tests with three other vaccines, NIH-1, H, and VO, are summarized in
Table 15. Here, too, one can see a reproducibility of results not always
obtained in the in vivo potency tests.

TABLE 14. POTENCY RATIOS OF VACCINE NIH-1
TO VACCINE J OBTAINED

FROM REPEATED NAC TESTS

Potency ratios for:

type 1 type 2 type 3

1.0 0.5 1.0

1.0 0.5 0.8

1.5 0.6 1.5

1.0 0.4 1.4

1.0 0.3 1.0

0.7 0.3 1.0

0.6 0.3 1.0

Comparison of NACU33 values with in vivo potency test results

In Table 16, NACU33 values obtained in serial tests on vaccine J are
compared with serial tests of the same vaccine in chicks.' In the chick test,
1 ml of tenfold dilutions of vaccine was inoculated intramuscularly into
New Hampshire Red chicks one week old (15 chicks per dilution), and the
injection was repeated two weeks later. The chicks were bled one week
after the second injection, and antibodies were determined in a 1:16
dilution of each serum against 100 TCD50 of virus in the metabolic inhibition
test using plastic plates (Rightsel et al., 1956; Melnick & Opton, 1956).
ED50, that is, the antigenic extinction dose, expresses the dilution of vaccine
producing antibodies in 50% of the animals. The chick tests showed a wide
range of variation, especially for types 2 and 3, as compared to the NAC test.

NAC, chick, and monkey potency values for commercial vaccines of
different manufacturers are compared in Table 17. Some violent disagree-
ments appear, especially with the low NAC potency vaccines. The over-
all impression is that vaccines of high NAC potency yielded satisfactory

1 Results obtained by the staff of the Laboratory of Viral Products, Division of Biologics Standards
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TABLE 15. NACU,s VALUES AND POTENCY RATIOS TO VACCINE J
OBTAINED FROM REPEATED NAC TESTS WITH VACCINES NIH-1, H, AND VO

NACU33 per 0.2 ml NACU33 potency ratio
Experiment to vaccine J

Vaccine No.-

type 1 type 2 type 3 type 1 type 2 type 3

NIH-1 1 12 6 > 12 1.0 0.5 1.0

2 12 10 10 1.0 0.5 0.8

3 12 6 12 1.5 0.6 1.5

4 10 6 23 1.0 0.3 1.0

5 12 11 37 0.7 0.3 1.0

6 14 12 17 0.6 0.3 1.0

H 1 12 6 8 0.6 0.3 0.6

2 5 4 17 0.2 0.3 1.3

3 6 4 9 0.5 0.3 1.0

4 5 4 7 0.2 0.3 0.6

5 8 5 11 0.6 0.3 0.7

6 8 7 24 0.5 0.2 0.7

7 12 6 18 0.5 0.2 1.0

VO 1 12 5 6 1.0 0.3 0.5

2 8 5 13 0.6 0.3 0.8

3 1 1 6 9 0.5 0.2 0.8

4 6 ND* 19 0.3 ND* 1.0

5 8 9 11 0.4 0.3 0.6

6 7 5 6 0.8 0.3 0.5

* ND = not done

in vivo results. When the NAC results were low and the in vivo results high,
one is led to wonder about the reliability of the particular in vivo test, for
the degree of variation in the in vivo test is much greater than in the in vitro
test. This is evident from the data in Tables 16 and 17.

Tests ofmonovalent vaccines before and after pooling to make trivalent vaccine

Type 1, 2, and 3 monovalent vaccines were obtained from different
manufacturers, and trivalent pools of each company's vaccine were prepared
by mixing equal amounts of monovalent vaccines. Taking into account the
dilution factor, one would expect the pools to have one-third the activity
of each monovalent component. Results of tests on vaccines from two
different companies are summarized in Table 18. After pooling, the vaccines
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TABLE 16. RESULTS OF REPEATED NAC AND CHICK POTENCY
TESTS ON VACCINE J

NACU33 per 0.2 ml of vaccine ED5o per 2.0 ml of vaccine (chick test)

type 1 type 2 type 3 type 1 type 2 type 3

22 19 14 8 >100 30

23 12 12 23 170 68

12 14 9 8 3 52

21 14 12 11 93 436

9 21 11 5 28 38

13 17 15 8 275 91

22 38 10 11 46 30

23 25 18 12 > 1000 1000

18 31 18 25 > 1000 355

9 20 20 28 316 85

yielded NAC potency ratios close to the expected values. The pooled
vaccines were also tested in chicks, and the potency ratios obtained in vivo,
expressed on the right-hand side of the table, showed fair agreement with
the NAC potency ratios.

Differentiation of NAC and CF antigens

Hare & Warren (1958) have found that lyophilization does not affect
the titre of the complement-fixing antigen of poliovirus vaccines. The
same did not hold true in the NAC test, nor in the chick potency test.
All of the lyophilized vaccines showed complete inability either to bind
neutralizing antibodies in vitro or to stimulate their formation in vivo.

Table 19 includes the results from an experiment with a vaccine of good
potency, vaccine VI, performed as follows.' For the purpose of the CF test,
the vaccine was concentrated 100 times by ultracentrifugation. Part of
the concentrated vaccine was lyophilized. For the NAC and chick potency
tests, the concentrated, lyophilized vaccines were diluted back to the original
concentration. The original and lyophilized samples were inoculated
twice, at a two-week interval, into two groups of chicks (15 chicks per group)
one week old at the time of the first injection. One week after the last
injection the chicks were bled and tested for antibodies in the manner
described earlier. Each sample of vaccine which was inoculated into chicks
was also tested by the NAC test. From Table 19, one can see that the NAC

1 This experiment was done in conjunction with Dr Joel Warren and Dr J. Donald Hare, who have
kindly permitted us to use the data here.
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TABLE 17. POTENCY RATIOS OF SOME COMMERCIAL VACCINES TO VACCINE J,
AS DETERMINED BY NAC, CHICK, AND MONKEY POTENCY TESTS

G

R

VA

VG

VP

VQ

H

T

VI

VL

VM

VN

VO

E

F

XF

0

p

Q

S

y

W

0.9

0.8

0.6-1.0

0.8-1.0

0.4

1.3

0.2-0.6

0.4

0.5-0.7

0.4-0.7

0.4-0.6

0.3-0.3

0.4-1.0

0.4-1.0

0.3-0.6

0-0

0-0.3

0-0.3

0.3-0.4

0.3-0.4

0.1-0.3

0.2-0.3

0.7

0.4

0.4-0.6

0.4-0.5

0.3

1.0

0.2-0.3

0.1

0.4-0.5

0.3-0.5

0.2-0.4

0.3-0.3

0.2-0.3

0.3-0.5

0.3-0.4

0.2-0.2

0-0

0-0

0-0

0-0

0-0

0-0

0.3

0.7

0.6-0.9

0.6-1.0

0.7

1.5

0.6-1.0

0.7

0.5-1.0

0.5-1.1

0.5-0.6

1.0

0.5-0.8

0.4-1.0

0.6-1.1

tr.-0.1

0-0

0-0

0-0

0-0

0-0

0-0

3.3

2.0-3.5 *

0.3

0.9

> 0.5-0.8

0.5-1.0

1.0

0.7

0.4

1.0

1.4

0.1-0.5

0.03-0.3

1.2

0.6

<0.1 -0.4

Not done

0.1

Not done

1.3

0.2-0.3

0.3-0.4

1.3

Not done

Not done

0.3

0.6

>0.6

0.4

Not done

Not done

Not done

0.05-0.1

0.1-0.2

0.1

Not done

0.5

0.9-1.6

0.2

0.8

0.6> 0.9

1.0-1.0

1.0

1.1

0.4

>0.6

0.5

0.04-0.5

0.03-0.3

0.3

0.9

0.4-2.0

0.7

0.9

0.8

2.2

0.9-1.3

1.7

0.8

1.0

1.0

1.3

1.2

0.7

0.1-0.7

1.5-3.5

0.4-1.2

0.1-4.0

0.2-0.5

2.2-3.4

1.0
0.3-4.4

1.5

1.0

2.1

Not done

1.5

0.2-3.5

Not done

2.1

0.5

1.3

2.1

1.3

2.1

0.6

0.4-0.6

0.6-2.0

0.3-0.8

0.1-0.9

0.3-0.4

0.4-2.2

0.6

0.5-5.0

0.7

0.8

0.4

2.4

1.7-1.8

2.8

0.2

0.8

1.0

1.4

0.8

0.2

0.03-0.2

0.3-0.7

0.1-0.2

0.1-0.2

0.1-0.3

0.6-1.2

* Where more than one test was performed, two values are given, representing the minimum-maximum
range.

potency and the chick potency of the original untreated vaccine were high
for all three poliovirus types. In contrast, the lyophilized samples had no

detectable activity either in the NAC or in the chick test. Drying, on the
other hand, did not influence the complement-fixing antigen.

The lower part of Table 19 shows the data obtained in similar tests
performed for vaccines H and Y. Again, we see that after lyophilization
these vaccines lost their capacity to bind antibodies in vitro as well as to
induce neutralizing antibodies in vivo.

These findings suggest that the NAC test measures, in vitro, the same

antigen, or perhaps antigens, responsible for antibody production in
vivo.

By NAC test By chick test By monkey test
Vaccine 1t type 3 type 1

type 1 |type2 |tp3 tye1|type 2 T type 3 type 1 |type 2 type3
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TABLE 18. MONOVALENT VACCINES AND TRIVALENT POOLS: POTENCY RATIOS
TO VACCINE J

TABLE 19. ANTIGENIC POTENCY OF ORIGINAL AND LYOPHILIZED VACCINES,
AS DETERMINED BY THE CHICK POTENCY TEST, THE NAC TEST,

AND THE COMPLEMENT-FIXATION TEST

* ED,, potency ratios to vaccine J
** NACUOS potency ratios to vaccine J

*** Antigen titre 3+ fixation against 2 units of complement, using 100xantigen

NAC test Chick test
Vaccine

type 1 type 2 type 3 type 1 type 2 type 3

XH (monovalent, type 1) 4.8

Xl (monovalent, type 2) 1.2

XJ (monovalent, type 3) 5.7

POOL (types 1, 2, 3) 1.3 0.2 1.6 5.7 0.7 1.7

VXA (monovalent, type 1) 2.2

VXC (monovalent, type 2) 1.0

VXO (monovalent, type 3) 3.9

POOL (types 1, 2, 3) 1.4 0.5 1.5 3.4 0.4 2.4

Chick test* NAC test** CF test***

Vaccine Poliovirus type: Poliovirus type: Poliovirus type:

_ _ _ _1 2 3 1 2 3 1 2 3

Vaccine VI

Exp. 1

original 0.6 0.5 1.0 ND 4 ND
Not done

lyophilized 0 0 0 ND 4 ND

Exp. 2

original 1.0 1.2 1.0 0.3 0.4 0.5 ND 4 ND

lyophilized 0 0 0 0 0 0 ND 4 ND

Vaccine H

original 0.8 0.2 0.5 0.5 0.3 1.0

lyophilized 0 0 0 0 0 0
N

Vaccine Y

original 0.2 0.01 0.3 0.3 0 0

lyophylized 0 0 0 0 U0 C)0
N
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Discussion

By incorporating a long incubation period (immuno-inactivation) into
the antibody-combining test, we have been able to measure in vitro the
antigenic potency of poliovirus vaccines with a considerable degree of
accuracy as compared to the animal tests used today for the same purpose.
The potency of the vaccine is reflected in the degree of neutralization of a
precise amount of virus added as an indicator to a previously incubated
vaccine+-serum mixture. In the experimental part of this paper, we pointed
out that certain details of the method are essential for reproducible
results. These are: the use of small amounts of virus (1000 PFU input dose
for 3 ml of final mixture), serum in concentration sufficient to neutralize
99% of the virus, and 6 hours' incubation of the test mixtures at 37°C.

The reactions taking place in the system described above, i.e., a system
without antibody excess, may be visualized as follows:

1. When an antigen with high potency, Ag, is used:
+V (gBAg+AB *-(AgAB) - (AgAB) + V

When the potent antigen, Ag, is incubated with homotypic antibody,
AB, the antigen+antibody complex (AgAB) is formed. As a result of the
prolonged incubation the reaction is completed, the (AgAB) complex is
stable, and upon addition of the virus, V, no free antibody is left; the
free virus therefore forms the maximum number of plaques. Dissociation
of the (AgAB) complex does not occur. Dilution of the antigen is reflected
in excess of free antibody molecules, which are available to combine with
the added virus. Thus, the antibody-combining capacity of an antigen
can be titrated by the reduction in plaque counts obtained with serial
twofold antigen dilutions.

2. When a deteriorated antigen with no potency, ag, is used:
+V

ag+AB ) ag +AB -- ag + (VAB)

The deteriorated antigen, ag, does not combine with antibody. Thus,
when virus is added and further incubation allowed, the virus is com-
pletely neutralized, and the (VAB) complex is formed. Consequently, no
free virus is left to produce plaques.

3. When an antigen with intermediate potency, Ag+ag, is used:
+V

AgA+agA+AB (AgAB) + agA+AB - (AgAB)+ (VAB) + ag +AV
In this case, we visualize the antigen as a mixture of potent particles,

Ag, and deteriorated ones, ag. Therefore, some of the antibody molecules
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are bound by the potent antigen, forming the complex, (AgAB), and some
are left to interact with part of the virus added later. As an end result
some free virus, V, is left to form plaques.

4. When the test is set up in reverse:

V+AB -* (VAB) +Ag (VAB) + Ag
If one first incubates the virus with antibody in the system balanced

as described, the (VAB) complex is formed; upon adding even a most
potent antigen, no reversal of the reaction occurs. Therefore, no virus has
been freed to form plaques.

Many of the results in this report are contradictory to those of Krech
(1955), who reported reversal of the virus+antibody complex upon the
addition of vaccine. The reasons for this seem to be that he used (a) an
incubation period (30 minutes at room temperature) too brief to allow the
reaction of virus+serum or vaccine+serum to go to completion, and
(b) an excess of antibody in his plaque experiments.

That a positive NAC test is correlated with the immunogenic antigen
is shown from the data with lyophilized vaccines. Dried vaccines retained
their complement-fixing activity but lost the power to combine with
neutralizing antibodies in vitro as well as the capacity to elicit neutralizing
antibodies in vivo.

To what extent do the NAC tests correlate with the potency tests in
vivo ? It is difficult to answer this question because of the variation in
the results obtained with the animal potency tests. From the data pre-
sented in this paper, it can be said that any vaccine giving NAC potency
ratios of 0.5 relative to vaccines J or NIH-1 would yield high potency
ratios in chicks or monkeys. Vaccines of low NAC potency, less than
0.3, usually yielded low or variable results in animals. Some vaccines gave
low NAC potency values but high animal potency values. The question
is raised as to whether the high in vivo values would be reproducible if
additional animal tests were carried out. Until definitive experiments on
antibody development are carried out in triply negative children, with
vaccines simultaneously assayed in the in vitro test, the level of NAC33
units desired in vaccines cannot be precisely defined.

One area in which the NAC test would seem to have immediate applica-
tion is in the selection of vaccine lots to be incorporated into the monovalent
pools. Rather than pooling lots by chance alone, only vaccines of desired
potency could be used, or at least vaccines of low potency could be pooled
only with those of high potency. Another application is in the periodical
testing of vaccines during storage. Poliovaccine is now outdated arbitrarily
6 months after its release, if the date of release is no longer than 6 months
after its manufacture. Accurate potency data are needed to determine
whether this dating period has been selected properly.
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RJtSUMIt

La difficulte, le cout et la precision relative des epreuves d'activit6 sur l'animal du
vaccin poliomy6litique formole ont motive la mise au point d'un test quantitatif in vitro,
qui fait l'objet de cet article. Ce test est fonde sur la mesure de la facult6 d'un virus inactiv6,
en culture de tissu, de fixer les anticorps neutralisants. Les auteurs le d6crivent en d6tail.
L'activite du vaccin est mesur6e in vitro par le degre de neutralisation d'une quantite
donn6e de virus, evalu6e de fagon pr6cise en unites formatrices de plages, ajout6e comme
indicateur a un m6lange vaccin-s6rum pr6alablement laiss6 quelques heures en incubation.

Ce test est specifique de type. La combinaison antigene-anticorps est irreversible.
Les vaccins contenant des agents conservateurs gardent la meme activite que ceux qui
n'en contiennent pas. Les r6sultats du test sont reproductibles. Ils ne sont pas toujours
semblables a ceux que l'on obtient sur l'animal - plus fortement sujet a variations. Les
vaccins desseches gardent leur facult6 de fixer le complement, mais perdent celle de se
combiner aux anticorps neutralisants in vitro et de susciter des anticorps neutralisants
in vivo, ce qui permet de penser que le test en question mesure in vitro le meme antigene que
celui qui est responsable de la production d'anticorps in vivo.

Actuellement, ce test serait utile dans le choix des lots destin6s A la preparation de
# pools * monovalents. Au lieu de laisser ce choix au hasard, on pourrait ne retenir que des
lots d'une activit6 donnee ou melanger des lots de faible activit6 avec des lots reconnus
comme tres actifs. En outre, cette 6preuve pourrait faciliter le controle de l'activit6 des
vaccins au cours de la conservation et permettre de verifier si les delais limites d'utilisation
(fixes a 6 mois) ont ete judicieusement d6termines.
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