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EXPERIMENTAL STUDIES OF VACCINATION,
ALLERGY, AND IMMUNITY IN TUBERCULOSIS

3. Effect of Killed BCG Vaccine

TUBERCULOSIS PROGRAM, PUBLIC HEALTH SERVICE, USA *

SYNOPSIS

The antigenic effects of living and killed BCG vaccine have
been investigated by comparing the degree of tuberculin allergy,
the size of vaccinal lesions, and the survival time after challenge
infection in large numbers of guinea-pigs vaccinated with BCG
suspensions containing various concentrations of living and killed
organisms.

The allergizing as well as the immunizing potency of BCG was
markedly reduced-though not entirely abolished-when the bacilli
were killed, yet the size of the vaccinal lesion was only slightly
reduced. Results were about the same regardless of whether heat,
light, or phenol had been used to kill the organisms. It would thus
appear that viability of the organisms in BCG vaccine is important
for immunity as well as for allergy, whereas the size of the vaccinal
lesion is determined largely by the total mass of bacterial cells
injected.

The results of this experiment in laboratory animals are in
agreement with results of studies in human beings, so far as. allergy
and lesions are concerned. Persons vaccinated with heat-killed or
irradiated BCG have been shown to have very low degrees of post-
vaccination tuberculin allergy compared with persons given a
corresponding dose of living BCG, yet the size of the vaccinal lesion
differs only slightly. The combination of a large vaccinal lesion
and a low degree of post-vaccination allergy should therefore
invite suspicion that a vaccine contained mainly killed bacilli and,
perhaps, the presumption that it has produced only a low degree
of immunity.

The present paper continues the series of reports from a research pro-
gramme on tuberculosis immunization in laboratory animals. General
orientation of the programme and details of the experimental design were

This paper reports results obtained in part (Project V) of the laboratory research programme jointly
directed by Carroll E. Palmer and Shirley H. Ferebee of the United States Public Health Service, Sven Nissen
Meyer of the WHO Tuberculosis Research Office, and Hubert Bloch of the Public Health Research Institute
of the City of New York.

In the laboratory, Helen X. Gertz was responsible for the execution of the daily activities in accordance
with the plan for the project. Tuberculin-testing and vaccination were carried out by Lillian Lang, and the
statistical operations were supervised by Louise Hopwood. Knud Tolderlund of the Statens Seruminstitut,
Copenhagen, prepared the BCG vaccines for the project and made the counts of viable organisms. Sven
Nissen Meyer was mainly responsible, with the assistance of Phyllis Q. Edwards, for the preparation of the
present report.
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discussed on page 13 and the results of a project dealing with the effect of
varying the dose of BCG on page 31. This report compares the effects of
living and killed BCG on post-vaccination allergy, vaccinal lesions, and
survival time after virulent infection.

Further knowledge of the antigenic effects of living and killed BCG is
important for tuberculosis immunization programmes for several reasons.
First, most of the presumably living vaccines will inevitably contain smaller
or larger proportions of dead bacilli. Short exposure to light or high
temperatures has been shown to kill the organisms; varying numbers may
be destroyed or damaged during preparation, shipment, or storage. Hence,
there may be considerable variation from sample to sample in the ratio of
living to dead bacilli by the time the vaccine is used in the field. Further-
more, comparisons in humans of the effects of living and killed BCG have
shown a dissociation between the size of the vaccinal lesion and the degree
of tuberculin allergy (Edwards et al. 9). Killed bacilli have apparently lost
most of their capacity to provoke allergy but produce local lesions of nearly
the same size as corresponding concentrations of living bacilli. A pilot study
in guinea-pigs on the effect of heat-killed BCG, reported on page 51,
showed similar results.

The dissociation between size of vaccinal lesions and degree of post-
vaccination allergy makes it of practical importance to determine how
immunity is related to the two effects. Obviously both cannot be used as
presumptive evidence of induced immunity. Allergy has usually been
preferred, but the local vaccinal lesion has also been used-perhaps mainly
because it may be observed directly without a preparatory test. In many
laboratories the vaccinal lesion (in guinea-pigs) is a principal criterion for
judging the potency of successive batches of BCG vaccine.

Despite many studies, opinions on the immunizing effect of killed
bacilli still differ, and radically so, among both laboratory and clinical
workers (Raffel 21). Yet the question of the advantages of a killed over
a living vaccine-even though apparently based more on theoretical con-
siderations than on practical experience at the present time-is continually
being raised. A killed vaccine would, of course, eliminate the risk of pro-
voking tuberculous disease by vaccination, and some laboratory workers
report that killed tubercle bacilli, under certain circumstances, compare
favourably with living BCG in their immunizing capacities (Degli Esposti,7
Milzer et al.,16 Olson et al.,'7 Opie & Freund,'8 Sarber et al.25).

Material and Methods
Vaccines

All vaccine suspensions were made from a single batch of BCG prepared
at the Statens Seruminstitut, Copenhagen. The batch was identified as
number 1052, harvested on 29 May 1953, and was one of the regular weekly
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batches for intradermal use in human beings. It was cultured, harvested,
pressed to semi-dryness, and ground according to the method in routine
use at the institute. A stock suspension containing 75 mg moist-weight
bacterial mass per ml (100 times the institute's " standard strength" of
0.75 mg per ml, which is used for vaccination of humans) was made first,
and all BCG vaccines for the project were then prepared from this stock
suspension by appropriate dilution, by killing of the bacilli, or by both
methods.

The following vaccines were used
(a) Living BCG in two concentrations

(1) standard strength (1 st.),
(2) diluted to 1/1,000 standard strength (1/1,000 st.).

Counts made on Lowenstein tubes showed an average of 2.5 x 107
viable bacillary units per mg moist-weight bacterial mass. One dose (0.1 ml)
of standard strength vaccine thus constituted approximately 2 x 106 bac-
terial units, and one dose of the 1/1,000 dilution 2 x103 bacterial units.

(b) Heat-killed BCG in two concentrations:
(1) standard strength (1 st.),
(2) 100 times standard strength (100 st.).

The vaccines were killed by heating 10 ml sealed ampoules containing
living BCG in the two concentrations in a water-bath at 700C for 45 minutes.

No growth was observed from the undiluted suspension.
(c) Irradiated BCG in one concentration of 100 times standard strength

(100 st.).
Quartz ampoules (10 ml) containing stock suspension were placed

horizontally in a bath of running water at a temperature of about IOOC.
The water just covered the ampoules. The ampoules were exposed for 23
hours to light from an ordinary high-pressure mercury-vapour lamp placed
at a distance of 50 cm from the surface of the water. The intensity of irradia-
tion on the vaccine was estimated to be about 25 joules per cm2 per hour,
the total amount of irradiation accordingly being about 575 joules per cm2.
The spectral distribution for this type of lamp has a maximal irradiation at
366 m,u.

Counts of the irradiated suspension showed the killing effect to have
been incomplete : there were 80 viable units per mg moist-weight bacterial
mass. As the vaccine was used in 100 times the standard strength, the
number of viable units per dose was about 600.

The failure of light to inactivate the vaccine completely in this instance
may have been due to insufficient agitation of the highly concentrated
bacterial suspension. Under other conditions, BCG has been shown to be
completely killed within a shorter period of time than that used in this
experiment (Segal & Bloch 28).
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(d) Phenol-killed BCG in one concentration of 100 times standard
strength (100 st.).

Sufficient phenol was added to a stock suspension to make a 2 % solu-
tion. This mixture was kept at room temperature and protected from
light for 48 hours. The bacillary bodies were then separated by high-speed
centrifugation (12,000 revolutions per minute), washed twice in diluted
Sauton medium, and finally resuspended in diluted Sauton to make up the
original volume.

No growth was observed from the undiluted suspension.
(e) Mixed living and deadBCG in one concentration of 99 times standard

strength heat-killed BCG plus 1/1,000 standard strength living BCG.
The mixed vaccine was prepared by adding 1 part of the 1/10 standard

strength living vaccine to 99 parts of the 100 times standard strength heat-
killed vaccine.

The number of viable units per dose (0.1 ml) of the mixed vaccine was
approximately 2 x 103.

Animals and procedures

The present experiment was carried out on 1,152 guinea-pigs divided
into 12 groups (nearly 100 animals in each), 11 groups to be vaccinated
and one to remain unvaccinated to serve as a control group. Results for
eight of the groups, seven vaccinated and the control, are reported here;
the other four vaccinated groups are not pertinent to the present subject
of study.

Technical procedures and observations, described in detail in the first
paper of this series, will be briefly outlined here with further details pertinent
only to this particular project.

Pre-vaccination tuberculin tests were given intradermally in the left
lower quadrant of the abdomen with 0.005 mg (250 TU) PPD-S in 0.1 ml
of diluent and read 48 hours later by measuring the transverse diameters
of erythema and induration.

Vaccines were given the day after the reading of the tuberculin tests by
injecting, intradermally, 0.1 ml of the specified preparation in the right
lower quadrant of the abdomen.

Vaccinal lesions. The largest diameter of induration was measured
4, 11, 18, and 25 days after vaccination.

Post-vaccination tuberculin tests were given in the left upper abdominal
quadrant 32 days after vaccination by intradermal injection of the same
dose of PPD-S as used in the pre-vaccination test. Reactions were read
at 48 hours.
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Challenge infection was given 3 days later (35 days after vaccination)
with a liquid Tween-albumin culture of the H-37 Rv strain (from the
Trudeau Laboratory, Saranac Lake, NY) by intraperitoneal injection of
0.5 ml of a suspension containing approximately 5 x 106 bacterial units
per ml (as determined by plate counts). The injections were given just
below and to the left of the umbilicus. The animals were allowed to die,
as survival time was to be used to measure resistance.

Post-challenge tuberculin tests of 0.005 mg of PPD-S were given in-
tradermally in the right upper quadrant of the abdomen 25 days after
challenge. Reactions were read at 48 hours (results are not given in this
report).

Allocation to experimental groups was done as follows. First, 8 animals
were placed in each of 144 cages. Then, the 12 experimental groups were
assigned to each cage in rotation, the animals in cage No. 1 being allocated
at random to the control group and the vaccine groups numbered 1-7,
in cage No. 2 to vaccine groups 1-8, in cage No. 3 to vaccine groups 2-9,
etc., through cage No. 12, and beginning again in cage No. 13 with the
control group and vaccine groups 1-7.

In a project of this size, as in any project where a technical procedure
or observation requires a considerable period of time, the work has to be
scheduled in such a way that systematic variations in technique from hour
to hour and from day to day will bear equally on all the experimental
groups. In the present project, each operation (vaccination, tuberculin-
testing, reading of reactions, etc.) required two days for completion; cages
1-72 were taken on the first day, cages 73-144 on the second. Despite this
non-randomized allocation of cages to the two testing days, time variations
in techniques could not invalidate the comparability of the groups : members
of each group were represented within each cage and were thus distributed
uniformly over the entire period of time required for the completion of
each procedure. While carrying out technical examinations, observers
were not allowed to know the group to which any animal belonged.

Results

The results of the study are given in six figures: the first four show
separately the sizes of vaccinal lesions, tuberculin reactions, and time of
survival after challenge, and the last two correlate survival time with post-
vaccination allergy and with vaccinal lesions.

Fig. 1 gives the sizes of the vaccinal lesions recorded for the seven vaccine
groups, and the readings for the unvaccinated controls, 11 days after
vaccination. The results are presented as frequency distributions, the
horizontal scale indicating the diameter of induration of the lesion, and the
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FIG. 1. FREQUENCY DISTRIBUTIONS OF SIZE OF VACCINAL LESIONS, 11 DAYS
AFTER VACCINATION, FOR GROUPS OF GUINEA-PIGS VACCINATED WITH

DIFFERENT BCG VACCINES
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height of each column showing the percentage of animals having lesions of
the specified size. As shown by the histogram at the upper left of the figure,
no measurable lesion was recorded for any of the control animals. (None,
of course, would be expected except for observational and clerical errors.)
Very few of the animals given the most dilute living vaccine (1/1,000 st.)
developed measurable lesions, while those vaccinated with standard strength
living BCG had lesions of a mean size of 6 mm. Lesions nearly as large
(average: 4.8 mm) were produced by standard strength heat-killed BCG;
considerably larger lesions (with mean sizes between 9.4 mm and 11.4 mm)
developed when killed BCG 100 times the standard was given (with or
without a small fraction of living BCG).

FIG. 2. MEAN SIZE OF VACCINAL LESIONS AT DIFFERENT TIMES AFTER
VACCINATION, FOR GROUPS OF GUINEA-PIGS VACCINATED WITH DIFFERENT

BCG VACCINES

4

12

E

z
0

z

8

4

2

0

10_

0 4 11 18

D A Y S A F T E R VACCINATION

25

Fig. 2 shows the mean size of the lesions at each of four observation
periods: 4, 11, 18, and 25 days after vaccination. The relation between
dose of vaccine and size of lesion at each period corresponds to the findings
for the 11-day reading and to results of the earlier pilot study.
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FIG. 3. FREQUENCY DISTRIBUTIONS OF SIZE OF TUBERCULIN REACTIONS,
32 DAYS AFTER VACCINATION, FOR GROUPS OF GUINEA-PIGS VACCINATED

WITH DIFFERENT BCG VACCINES
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In fig. 3, the animals from the various groups have been distributed
by size of tuberculin reaction 32 days after vaccination. With diameter of
induration shown on the horizontal scale and frequency on the vertical
scale, the figure shows the observed distributions separately for each of the
seven vaccinated groups and the control group.

As shown in the upper left section of the figure, no measurable reaction
was recorded for most of the controls; but reactions not exceeding 5 mm
were recorded for about 5% of them. Because neither the observer nor
his clerk knew the identity of any animal being examined, the recording
of a few small reactions where none would be expected serves as a useful
check on experimental error, which in this instance must include trauma
at the injection site, unknown sources of sensitization, observational
errors, and clerical mistakes. It is evident that the experimental error is
relatively small, and that we can therefore attribute most of the reactions
in the vaccinated groups to the effect of vaccination.

As compared with the controls, the very dilute living vaccine (1/ 1,000 st.)
produced a considerable degree of allergy, the reactions averaging 7.1 mm
in size. A 1,000-fold increase in strength of vaccine (from 1/1,000 to 1 st.)
produced reactions distributed around an average of 12.4 mm. This increase
of about 5 mm conforms to the results of the experiment reported in the
preceding paper, where a 1,000-fold increase in dose, from 1/100 to 10 st.,
gave an average increase of the same magnitude. However, because different
doses of tuberculin were used in the two projects (250 TU as compared
with 100 TU), the results show a corresponding difference in absolute
reaction size.

All the killed vaccines produced some degree of allergy. The weaker
concentration of killed vaccine (1 st.) gave smaller reactions than the
1/1,000 st. living BCG. The four vaccines containing 100 st. killed BCG
all gave a higher degree of allergy than 1/1,000 st. living BCG but a lower
degree than 1 st. living BCG. The results for the irradiated and the mixed
vaccines indicate that the effect on allergy of killed BCG is not conspi-
cuously altered by the presence of small numbers of living bacilli.

The curves in fig. 4 show how long the animals in the various groups
survived after infection with virulent tubercle bacilli. The horizontal
scale gives survival time in weeks after the infection, and the vertical scale
the percentage of surviving animals. The unvaccinated group has the
shortest survival time, as indicated by the curve with the most rapid decline;
at the other extreme, the group vaccinated with standard strength living
vaccine survived longest. The curves for these two groups stand out clearly
on either side of the curves for the six remaining vaccines: these curves run
closely together, indicating that the six vaccines have about the same
effect on survival time. Closer inspection shows the two vaccines containing
a small fraction of living BCG to be slightly more effective in increasing
the length of life than the three containing no living bacilli.
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Fig. 5 is designed to illustrate the relation between degree of post-
vaccination allergy and ability to survive virulent infection. Each vaccine
group is represented by a point, with the abscissa indicating the mean size
of tuberculin reactions 32 days after vaccination, and the ordinate indicating
the median survival time (the time at which 50% of the animals in the
group have died and 50% are still alive). The line drawn between the
points representing the standard strength and 1/1,000 st. living BCG
shows how both survival time and degree of post-vaccination allergy
decrease when the living vaccine is diluted. The point for standard strength
of heat-killed BCG, located between the 1/1,000 st. living BCG and the
non-vaccinated group, indicates that killing of the bacilli markedly reduces
their capacity to produce both allergy and immunity. The same effect of
killing is apparent in the more concentrated vaccines: all four points
representing 100 st. killed BCG show less allergy and shorter survival
time than observed from 1 st. living BCG. An even greater loss would
have been expected had 100 st. living BCG been available for comparison.

The fact that all points for vaccines containing killed bacilli fall below
the trend line for dilutions of living BCG suggests, however, that killing
of the organisms impairs the immunity-producing capacity a little more
than the allergy-producing capacity. The dissociation between the two
effects can be tested statistically by comparing the results obtained with
the 100 st. heat-killed BCG and the 1/1,000 st. living BCG. The former
gives a significantly higher degree of allergy, the latter a significantly longer

FIG. 4. PERCENTAGE OF GUINEA-PIGS SURVIVING AT DIFFERENT TIMES AFTER
INFECTION WITH VIRULENT TUBERCLE BACILLI, FOR GROUPS OF GUINEA-PIGS

VACCINATED WITH DIFFERENT BCG VACCINES
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FIG. 5. RELATION BETWEEN MEDIAN SURVIVAL TIME AND MEAN SIZE OF
POST-VACCINATION TUBERCULIN REACTIONS, FOR GROUPS OF GUINEA-PIGS

VACCINATED WITH DIFFERENT BCG VACCINES
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survival time. The dissociation is very slight, however, compared with the
pronounced loss observed in both effects when the bacilli are killed.
A much greater dissociation appears between sizes of local lesions (at

11 days) and survival time when the effects of living and killed vaccines
are compared. Fig. 6 shows how the large lesions produced by the killed
vaccines would be entirely misleading as measures of the corresponding
degree of immunity. This result is in agreement with that obtained in the
earlier study on heat-killed BCG.

Discussion

One of the traditional beliefs about BCG vaccine has been that its
immunizing power depends to a large extent on its viability. The present
material supports this view, at least in so far as survival time in guinea-pigs
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FIG. 6. RELATION BETWEEN MEDIAN SURVIVAL TIME AND MEAN SIZE
OF VACCINAL LESIONS, FOR GROUPS OF GUINEA-PIGS VACCINATED WITH

DIFFERENT BCG VACCINES
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may be used as a measure of acquired immunity. Concentrated doses of
BCG killed with heat, light, or phenol produced a lower degree of resistance
to virulent infection than very weak dilutions of living BCG. The allergy-
producing capacity of the vaccine was slightly reduced by the killing, while
the effect on the vaccinal lesion was almost negligible. The production of
both allergy and immunity would thus appear to depend largely upon the
viability of the BCG organisms; the size of the vaccinal lesion seems to be
determined primarily by the amount of bacterial cells injected, regardless of
whether they are living or dead (Ustvedt 31).

The reason for the greater antigenic potency of living bacilli is not
known, but several possible explanations might be considered. In the first
place, the killing of the bacilli may cause chemical or physical alterations
in substances that stimulate the production of allergy and immunity. This
possibility was investigated in the present experiment by killing the bacilli in
three different ways, with heat, light, and phenol, with the thought that one
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of the methods might leave the active substances intact. But all three
methods caused about the same loss in antigenic effects. Another possibility
is that the antigenic substances are products of metabolism of living bacilli
and only small amounts of these products remain in the cell after the organ-
ism dies. Furthermore, living bacilli may spread more rapidly and in greater
amounts than the killed ones to central organs (liver, spleen, lymph-nodes)
concerned with the production of allergy and immunity. The ability of
living BCG to multiply could also be a factor of importance, as it might
lead to an increase in the amount of antigenic substance available to the
host. It is probably important, in speculating on the different properties
of living and dead BCG, to remember that killed bacilli can produce signi-
ficant degrees of allergy and immunity, so the factor or factors (whatever
their nature) responsible for these responses are definitely not completely
eliminated or destroyed when the bacilli are killed.

That heat-killed tubercle bacilli are capable of producing some degree
of protection in experimental animals has been reported by many other
workers (Birkhaug & Darricarrere,3 Lange et al.,15 Pagel,19 Petroff &
Stewart,20 Winge,34 Zinsser et al.35). Protection has also been reported with
vaccines killed with formol (Giovanardi & Grosso,'0 Salvioli et al.24) and
by irradiation (Birkhaug & Darricarrere,2 Milzer et al.,'6 Olson et al.,,'
Sarber et al.,25 Smithburn & Lavin 2'9). Encouraged by the favourable results
with repeated injections of irradiated vaccines reported by some of these
workers, Seagle et al. 27 made experiments in guinea-pigs with irradiated
virulent organisms given by " clinically acceptable routes ", that is, by a
single parenteral injection, as in the present study. Although a protective
effect of killed vaccine was not found in these experiments, it is possible
that had larger numbers of animals been used some degree of immunity
would have been observed.

Recently, Dubos and his collaborators 8 have reported good immuniza-
tion effects in mice with a single injection of phenol-killed bacilli. The
phenol-killed vaccine used in the present experiment was prepared according
to the prescription of Dubos and his co-workers, but the immunity obtained
in guinea-pigs was inferior to the protective effects of equal or much smaller
doses of living BCG. As results similar to those reported here have recently
been found in mice (Bloch & Segal 4), the discrepancy with phenol-killed
vaccine would appear to be unrelated to the animal species used.

Despite our lack of knowledge of the mechanisms responsible for the
differences in effect between living and killed BCG, the results of the present
experiment apply both in the laboratory and in the field. For one thing,
the size of the vaccinal lesion would not appear to be a reliable guide to the
degree ofimmunity induced by vaccination (Beoe,6 Krohn,'3 Kumagai 14). As
long as the proportion of living bacilli in the vaccine remains high and
unchanged, the lesions seem to vary correspondingly to both allergy and
immunity; but an increase in the proportion of killed bacilli causes a
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dissociation of effects: the lesions are large in relation to allergy and
immunity. This has practical implications, particularly for the laboratory
control of vaccine, as the size of the lesion in guinea-pigs has been used as
one of the main criteria for estimating the potency of successive batches
(Berger,' Buonomini,5 Jensen,12 Ranganathan,22 van Deinse 33). The lesion
is undoubtedly a sensitive indicator (in a sufficient number of animals)
of the total mass of bacilli injected, and results obtained as early as four
days after the injection give as much information as those obtained re-
peatedly over a period of several weeks. But the size of the lesion cannot be
used to discriminate between living and killed bacilli. Taken by itself, it
may be seriously misleading and must therefore be supplemented by cultures
to estimate the number of viable bacillary units in the vaccine.

Similarly, in field evaluation of results of vaccination, the lesion cannot
be taken as a measure of the vaccine's potency, though views to the contrary
have often been expressed (Hertzberg," Salvioli,23 Schreus & Ddrner,26
T6rnell,30 Ustvedt 32). A combination of relatively large lesions and poor
post-vaccination allergy must invite suspicion that the particular sample
contained mainly killed bacilli. Tuberculin allergy, on the other hand, may
be much more closely related to immunity.

RtSUMI2
L'experience d6crite ici a permis d'6tudier les effets antigeniques du vaccin BCG

vivant et du vaccin BCG tue, en comparant le degre d'allergie tuberculinique, la dimension
des lesions vaccinales et la duree de survie apres une infection d'epreuve chez un grand
nombre de cobayes vaccines au moyen de suspensions de BCG contenant diverses concen-
trations d'organismes vivants ou tues.

On a observe un affaiblissement notable - mais non une disparition complete - du
pouvoir allergene et du pouvoir immunisant du BCG lorsque les bacilles sont tues;
toutefois, la dimension de la lesion vaccinale ne diminue que legerement. Les r6sultats
sont A peu pres les memes quel que soit le moyen employ6 pour tuer les organismes:
chaleur, lumiere ou phenol. I1 apparait donc que la viabilite des organismes dans le vaccin
BCG joue un r6le important aussi bien du point de vue de l'immunite que de I'allergie,
tandis que la dimension de la lesion vaccinale est en grande partie determinee par le nombre
total de cellules bacteriennes inject6es.

Les resultats de cette experience sur des animaux de laboratoire concordent avec ceux
des 6tudes sur l'homme, en ce qui concerne l'allergie et les lesions vaccinales. Les personnes
vaccinees au moyen de BCG tue par la chaleur ou par irradiation manifestent une allergie
tuberculinique post-vaccinale tres faible par rapport a celle des personnes A qui l'on
administre une dose correspondante de BCG vivant; en revanche, la dimension de la
lesion vaccinale ne differe que fort peu. L'association d'une lesion vaccinale importante
et d'une faible allergie post-vaccinale doit donc faire soupgonner la presence d'une majorite
de bacilles tues dans le vaccin et, peut-etre, pr6sumer que l'immunite produite est faible.
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