Control of Influenza and Poliomyelitis
with Killed Virus Vaccines

Experiences over the last 40 years
have increased our understanding of the
immune respanse and of the require-
ments for inducing effective immunity
against infectious diseases. We now
know that the requirements include (i)
stimulation with a sufficient quantity of
antigen, (i) use of a suitably specific
antigen, and (iii} the induction of an ap-
propriate immune respanse for the pre-
vention of the pathological conse-
quences of infection.

The first effective viral vaccines (for
smallpax, rabies, and yellow fever} were
made of attenuated, infectious viruses.
Because adequate techniques for graw-
ing and purifying viruses were not avail-
able prior to the 1940's, it was necessary
that the virus reproduce within the host
in order to supply a sufficient quantity of
suitably specific antigen to stimulate the
immune mechanism. The effectiveness
af toxaids (bacterial toxins treated with
formaldehyde) for immunization against
diphtheria and tetanus suggested that it
might also be possible ta inactivate virus-
es to produce vaccines against viral dis-
eases. Technical advances allowed for
the large-scale praduction of virus that
could be concentrated, purified, and ren-
dered noninfectious without destroying
immunaogenicity. More recent advances
permit the splitting of viruses chemically
and the selection of specific antigenic
subunits for use in vaccine preparation
().

Application of the principles of effec-
tive Immunization against a particular
disease requires an understanding of its
etiologic agents and pathoagenic mecha-
nisms. In the case of diphtheria and teta-
nus, far example, an appropriate im-
tmune response is one that neutralizes the
toxin produced in the course of infec-
tion, The prevention of infection is nat
essential for the prevention of pathology.
A similar understanding is required for
other diseases (2).

Evidence now suggests that “‘natural™
infection with an attenuated (live) virus
is not necessarily inherently superior ta
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“artificial’’ immunization with an inacti-
vated {killed) virus. Different prablems
are encountered with different methaods.
Live virus vaccines against influenza and
paralytic poliomyelitis, for example,
may in each instance praduce the disease
it is intended to prevent; the live virus
vaccines against measles and mumps
may produce such side effects as enceph-
alitis. Bath of these problems are due to
the inherent difficulty of controlling live
viruses in vivo., Killed virus vaccines
against measles and the respiratory syn-
citial virus have caused undesirable hy-
persensitivity reactions in individuals
subsequently expased to natural infec-
tion, These.reactions appear to he due to
induction of an allergy to some antigenic
companent of the wvirus, an antigen
which may not be essential for inducing
immunity to disease (3, p. 139).

The study and application of the basic
requirements for effective immunization,
which might be called ““vaccinology,”
requires an understanding of the etiolog-
ic agents, the pathogenic mechanisms,
and the epidemiology of the individual
diseases. In this article, we discuss polio-
myelitis and influenza from this view-
point, and demonstrate that they can be
effectively controlled with killed virus
vaccines. Many misconceptions about
the relative effectiveness of killed and
live viruses as immunizing agents still
exist, particularly with regard ta paralyt-
ic poliomyelitis. The present vaccines
against influenza could be improved by
using immunological adjuvants; and with
adequate immunization of the popu-
lation, influenza may be braught under
cantral as effectively as smallpox and
paralytic poliomyelitis.

Etiologic Agents

Poliomyelitis. There are three antigen-
ic types of poliovirus (types [, II, and
IIT), any one of which can cause paralyt-
ic disease. In contrast to the antigenic
variability and instability of influenza vi-

ruses, variation among strains within
each of the three types of poliovirus is of
no practical importance.

Influenza. There are three types of
influenza viruses (types A, B, and C).
Influenza types A and B can cause epi-
demic disease of variable morbidity and
martality, and they have the capacity ta
change antigenic specificity (4). Influ-
enza type C usually causes inapparent
infectians ().

Twao distinct kinds of antigenic varia-
tion have been demonstrated for in-
fluenza A: antigenic shift and antigenic
drift (4). The first consists of majar anti-
genic changes that occur periadically.
Five subtypes of influenza A have been
recognized and are classified according
to the specificity: of the hemaggludinin
(H}. and neuraminidase (N) antigens:
HaoN1 (1918), HON1 (1928), HINI
(1946), H2N2 (1957), and H3IN2 (1968}
(6). Antigenic drift consists of relatively
minor changes that accur gradually with-
in a subtype. Influenza B also shows
antigenic drift, but has not exhibited anti-
genic shift 6).

The appearance and disappearance of
different antigenic subtypes of influenza
A (antigenic shift) may be related, in
part, to the level of immunity of the
population (5, 7). As a greater propartion
of the population is exposed to the epi-
demic strain and develops immunity, the
segment of the population in which the
virus can become established becomes
smaller. As the immunity index of the
papulation increases, this specific anti-
genic form of the virus is suppressed and
apparently disappears until anew genera-
tion of susceptibles develops. At such
time, this antigenic subtype can again
become manifest epidemically (6).

Pathogenesis

Poliomyelitis. The incubation period
for paralytic poliomyelitis is relatively
long—approximately 10 to |4 days. After
entering via the oropharynx, the virus
establishes an essentially harmless pri-
mary infection in the digestive tract. It is
then carried via the bloodstream to the
spinal cord and medulla, where it estab-
lishes a potentially paralyzing secandary
infection (8).

Influenza. The incubation period for
influenza is short. In the experimentally
induced disease in man it is as short as 12
hours, rarely longer than 24 to 48 hours.
Under natural circumstances it may be
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slightly longer, presumably due to small-
er infectious doses of virus. In paliovirus
disease, the sites of initial infection and
significant pathology are not the same,
but in influenza the sites of infection and
pathalogy are bath at the portal of entry,
the respiratory tract mucosa. Spread of
virus to the lung parenchyma, associated
with more severe clinical disease, takes
place on the epithelial surface and not
via the bloodstream (2, 9).

Epidemiology—Herd Effect

Transmission of poliovirus between
humans can be via the fecal-oral route,
but in countries where good sanitation is
practiced, oral-oral spread of virus is
more commaon ({0-f2), Transmission of
influenza virus between humans is by
droplet inhalation (2).

The most efficient control of a viral
disease is achieved by decreasing the
number of transmitters and reducing the
spread of virus within the community.
This diminishes the risk of infection for
susceptible individuals, who are there-
fore less likely to become transmitters as
well. If immunization interrupts viral dis-
semination, then the cammunity as a
whale will be protected. This is known
as the herd effect. If there is no reservoir
for the virus other than man, human
immunization can result in eradication of
the virus (73).
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Fig. 1. The effect of the length of incubation
period on the development of permanent im-
munity. Palio is an example of a disease with
a tong incubation period (upper graph), and in-
fluenza is an example of a disease with a short
incubation period (lower graph). [From C. M.
MacLead (29); courtesy of Williams & Wil-
kins Co., Baitimore]
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A herd effect is demonstrable with the
use of both killed polio and influenza
virus vaccines (2; 2, p. 136; 160-17; 18,
pp. 77-78). This is discussed below, Po-
liovirus can be eliminated from a popu-
lation because humans appear ta be the
anly natural host. The existence of ani-
mal reservoirs for type A influenza virus
{6, 19) must be considered in develaping
effective control of human influenza.

Requirements for Effective Immunity

As previously discussed, an effective
immune response must be both specific
and appropriate. Having considered the
etiologic agents and pathogenic mecha-
nisms of poliomyelitis and influenza, it
becomes apparent that there are some-
what different requirements for devel-
aping effective immunity to these dis-
eases. :

Ta provide immunity which will be
specific for the infecting virus, it is neces-
sary to include all antigenic types in g
vaccine. This is not difficult for polio-
myelitis because of the known number
and antigenic stability of polioviruses. It
is more difficult for influenza because the
virus is antigenically variable, and the
total number of subtypes is yet to be
determined.

To provide appropriate immunity in
the individual against paralytic polio-
myelitis, it is necessary to block virus
transmission to the central nervous sys-
tem (CNS). The actual prevention of in-
testinal infection by inducing local pro-
duction of immunoglobulin A {IgA) is not
essential for protection against the signif-
icant pathologic features of this disease
since ““in the case of polioviruses the
endpaint of virulence is obtained in the
nervous system'' (20). Viral invasion of
the CNS, and resulting paralysis, is
blocked by antibody in the bloodstream
{21.

Ta provide appropriate immunity
against inflilenza, it is necessary ta block
viral infection of the respiratory epithe-
lium (2). The postulated importance of
local Secretory antibody (IgA) has not
been demonstrated {22), and the ques-
tion may well be academic in view of the
known correlation between serum he-
magglutination-inhibiting (H-I} antibody
levels and effective immunity (23-25; 26,
pp. 373-379). This catrelation exists
whether the circulating antibody is in-
duced by natural infection or by artificial
immunization (23; 26, p. 384-386; 27) as
will be discussed belaw. Antibady to
neuraminidase reduces the severity of
disease, but does not pratect against in-
fection {17, 26, p. 379-384; 28).

Duration of immunity. MacLeod has
discussed the relation of incubation peri-
ad to duration of immunity, and has pro-
posed a mechanism to account for the
permanent immunity observed in dis-
eases with a lang incubation period (Fig.
1} (29). He postulates that the first con-
tact with an infectious agent induces per-
manent  immunologic  sensitization,
which results in an accelerated and
heightened secondary-type antibody re-
sponse when reexposure to the agent
QCCUrs.

For an infectious disease with a rela-
tively long incubation period, such as
paliomyelitis, this secondary response
occurs rapidly enough to produce an anti-
body blockade against viremia and CNS
invasion (Fig. 2). Persistent immunologic
memaory may be present without demon-
strable levels of serum antibady {36-33).
This would account for the lifelong im-
munity observed after naturally gccur-
ring poliovinus infection (34). _

For influenza, however, Macleod’s
proposed mechanism would be inapera-
tive since the incubation period is short-
er than the minimum time required for
the secondary-type antibody response.
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Fig. 2. Schematic representation of the influ-
ence of previous immunologic experience (in-
fection or vaccination} on the prevention of
paralysis from polio. In the immunologically
experienced individual, the antibody response
accurs sufficiently rapidly to block central ner-
vous system invasion even without detectahle
antibody at the time of exposure. [From I. E.
Saik (31); courtesy of the American Journal of
Puhlic Health Association]
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Table 1. Cumulative number (in millions) of
dases of paliovirus vaccine distributed in the
United States, 1955 to 1971 (1 76).

108 Poliovirus vaccine dases

Year

Kilied Live*
[935-61 400 ]
1962 415.3 331
1963 4343 76.0
1964 4433 1249
1965 430.6 147.0
1966 456.1 172.4
1967 460.1 191.7
1968 462.8 216.1
1969 462.8 239.1
1970 462.8 265.2
1971 462.8 290.9

*Type | monovalent and trivalent.

Accordingly, immunity to influenza de-
pends on the actual presence of antibody
at a level sufficiently high at the time of
exposure to prevent virus infection of
the respiratory epithelium (33). Because
antigenically different virus strains pro-
duce similar clinical disease, immunity
to influenza appears ta be of short dura-
tion. However the level of antibody
against any specific strain of influenza
virus is maintained longer than is gener-
ally appreciated. Far example, antihody
against the A/New Jersey/76 (swine-
type) virus is generally not found in indi-
viduals under the age of 50 (36}, and this
implies that the antibody observed in
older individuals resulted from initial ex-
posure to a similar virus 50 or more years
aga.

Effective intmunizarion. The problems
presented for effectively immunizing
against influenza and poliomyelitis are
different. In order to immunize against
influenza, it is necessary to develap
means for inducing immunity against

multiple, variable subtypes and strains of
influenza virus. In order to provide long-
term immunity, it is necessary to devel-
op means for inducing and maintaining
adequate [evels of circulating antibody.
In the case of poliomyelitis, it is neces-
sary anly to induce persistent immuno-
logic memory against three stable types
of poliovirus.

Effectiveness of Killed Poliovirus Vaccine

Field experience. A sharp decline in
the incidence of poliomyelitis in the
United States followed the introduction
of a killed virus vaccine (inactivated vac-
cine) in 1953 (Fig. 3). By the time a live
virus vaccine (oral vaccine) was in-
troduced in 1961-62, poliomyelitis was
already being brought under control, pas-
ticularly in the well-vaccinated, upper
socioecanomic groups {{!). The accur-
rence of a herd effect extended the pro-
tective effect of vaccination to non-
vaccinated individuals (3, p. 136; 12-14).
After 1961-62, when the live poliovirus
vacecine was introduced into the United
States, it was nat possible to evaluate the
potential of a killed poliovirus vaccine
for eradicating wild viruses from the pop-
ulation., However, experience in coun-
tries such as Sweden and Finland, where
only a Killed poliovirus vaccine has been
used, has shown that it is possible to do
sa (37-39).

The decline of polio incidence in the
United States after 1961 cannot be attrib-
uted solely to the introduction of the oral
live poliavirus vaccine. The proportion
of individuals under the influence of the
killed virus vaccine was substantially
greater than that under the influence of
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Fig. 3. Polio incidence in the United States. Killed poliovirus vaccine (inactivated vaccine) in-

troduced in 1955, and live poliovirus vaccine {orai vaccine) introduced in 1961-62. Broken line,

paralytic polio anly. Solid line, bath paralytic and nonparalytic palio. {Courtesy of the Center

for Disease Control, Atlanta (1 {4}]
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Table 2. Search for poliovirus in Finland,
April 1972 to December 1974 {44).

Other
Sourcé Num- quio— vi-
ber  virls  ruses
(%)
Patients 308 0 52
Aseptic meningitis
and meninga-
encephalitis
Healthy children 4878* 0 8tald
Preschaol-—40
fecal samples
per week
Helsinki sewage 132 Q (]

One sample
per week

*Total number of samples from 4878 different chil-

dren.

the live virus vaccine (Table 1). Mare-
aver, the live virus vaccine was initially
used largely by the segment of the popu-
lation previously immunized with the
killed virus vaccine, and the effect of the
live virus vaceine was merely additive.

The pattern of polio decline in Finland
is seen in Fig. 4, and similar data are
available for Sweden (40). In these coun-
tries, where only the killed poliovirus
vaccine has been used, the last domestic
cases occurred in 1963 and 1964, respec-
tively, and they **have not onaly eradicat-
ed poliomyelitis but have also eradicated
the live virus” (39). Data soon to he
published by Lapinleimu from intensive
paliomyelitis surveillance in Finland ¢})
between April 1972 and December 1974
revealed no cases of poliomyelitis and no
evidence aof poliavirus {Table 2). Their
experience indicates that the proper use
of a killed virus vaccine can reduce palio-
virus dissemination to the point of eradi-
cation of domestic wild virus.

Quantitative studies. The follawing
factors were examined in the course of
studies on vaccine effectiveness: quanti-
ty of antigen, number of doses, vaccine
potency, and the use of immunologic
adjuvants,

The effect of quantity of antigen on
antibody induction was demonstrated by
a titration carried out in human subjects
with a reference vaccine (42, 43). Sub-
stantia] levels of antibody could be in-
duced cansistently with a single dose of
sufficient quantities of antigen (Table 3).
A second dose of the same quantity of
reference vaccine A was given 2 weeks
later to each group, and | year later
antibody determinations were made be-
fore and after a uniform third dose of
vaccine {Table 4). These data reveal that
even the smallest dose of reference vac-
cine A, when used for primary immuniza-
tion, established a state of immunologic
hyperreactivity as compared with the re-
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sponse to vaccine T in the control group
(no primary immunization).

The relation between the number of
dases of vaccine and the rate of paralysis
was studied in 1959 (32). An inverse
linear relation was revealed (Fig. 5)
when the logarithm of the attack rate
{(paralytic cases per 100,000 population)
was plotted against the number of doses
of vaccine administered. This suggests
that with each succeeding dose the re-
maining susceptibles were reduced by
the same prapartion as by the first dose,
and this indicates that a state of immuni-
ty to paralysis is induced by a single
critical dose of vaccine, whether it is the
first, second, or subsequent dose.

The number of doses required for in-
ducing effective immunity is influenced
by the concentration of antigen in the
vaccine. Vaccine prepared commercially
in the United States prior to mid-1955

~ conformed to the ariginally established
potency requirements relative to refer-
ence vaccine A. When tested in human
subjects, vaccines of such potency in-
duced antibody formation in virtually all
who had received two dases, given a
month apart (43). For example, antibody
response induced by six lots of com-
mercially produced vaccine (three each
from two manufacturersy, which met
original standards of potency, were com-
pared with reference vaccine A, The two
doses of reference vaccine A, given |
month apart to 43 individuals, induced
an immune response in 100 percent for
types I, II, and TII. The response rates
for two doses of the commercial vac-
cines in 171 individuals were 95 percent

1,000,000

500,004

¢
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1840 1945 1950 1955 Taco 1985 1870
Fig. 4. Poliomyelitis in Finland: {a) Number of
vaccipations per year {only killed poliovirus
vaccine used); {b) number of cases per year.
[From L. Noro (38); courtesy of 8. Karger,
Basel]
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Table 3. Percentage of subjects with type [ poliovirus antibody titers, at or above levels in-
dicated, 2 weeks after a single intramuscular injection of killed poliovirus vaccine. Subjects
were divided into groups which received different volumes of reference vaccine A. The pattern
of response to poliovirus types II and II1 was similar 42},

Volume of reference vaccine A

Antibody
titer™ 2 ml 1 ml 172 ml 1/4 m] 1/8 ml /16 ml
= 4 100 140 96.2 93.4 R7.2 77.2
= 8 100 100 R0.9 73.4 65.7 57.2
= 16 94.2 88.3 61.7 0.1 378 40.1
= 32 64.8 58.9 38.7 16.8 15.8 1.6
= 64 125 17.8 8.0 10.2 6.5 4]
= [18 12.0 6.1 0 0 ]
= 256 3.2 ]
= 512 0
Number of subjects
34 34 26 30 32 35

*Reciprocal of serum dilution capahble of neutralizing 100 TCIDy, (tissue culture infective doses, 50 percent

effective) type [ virus.

far type [, 100 percent for type 11, and 98
percent for type I1L.

Vaccines produced  subsequently,
however, including those whose perform-
ance is reflected in Fig. 5, were of lower
potency. This occurred because the Divi-
sion of Biologics Standards (of the De-
partment of Health, Education, and Wel-
fare) lowered potency requirements in
order to permit the release of greater
quantities of vaccine. This was done to
permit vaccination of a larger number of
individuals @2). Three doses of this low-
er potency vaccine reduced the attack
rate by about 90 percent, and four doses
by 96 percent (Fig. 5). The expected
performance of vaccines of higher po-
tency shows that fewer doses would im-
munize a higher proportion of individ-
uals (Table 5).

In studies in human subjects, some of
the experimental preparations of killed
poliovirus vaccine were emulsified in
mineral oil (incomplete Freund's adju-
vant} in an effort to create a one-dase
vaccine (44). The usefulness in humans
of mineral oil as an immunologic adju-
vant to increase the potency of killed
virus vaccine had been demonstrated in
the investigations on emulsified in-
fluenza vaccines {43), and is discussed
below. The use of this adjuvant in polio
vaccine was not pursued when questions
were raised about possible side effects,
and when satisfactory responses were
induced with multiple doses of an aque-
ous vaccine. This method might again be
pursued with the aim of mare efficiently
producing vaccines sufficiently potent to
be effective in a single dose.

Duration of immunity. Many observa-
tions indicate that a potent killed polio-
virus vaccine induces antibody response
of long duration, with some ohservations
extending over a [2-year period (32, 33,
17, 38). The degree of antibody per-
sistence is dose-dependent (Table &), as

is the initial antibody response (Tables 3
and 4). A plateau in antibody level has
been abserved for at least 6 years after
primary and booster vaccination as well
as after primary vaccination alone (32).
Such persistence can be attributed to
vaccination, and not to restimulation by
infection, because natural infection in a
vaccinated individual would result in a
characteristic secondary-type antibody
response to the infecting poliovims type
but not to the other two (37). Béttiger
has confirmed the abservation that anti-
bady titers “‘remain fairly stable after the
first post-vaccination fall of titer has oc-
curred during the year following the vac-
cination'’ (#4). Antibody titers as low as
1 to 4 have been shown to be completely
protective against paralysis in monkeys
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Fig. 5. Relation between killed poliovirus vac-
cination status and paralytic poliomyelitis at-
tack rates in the (- to 4-year-old age group in
the United States in 1959. The vaccine used in
the United States between 1955 and 1959 was
of low patency. [Adapted from J. E. Salk (32);
courtesy of Lancer)
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challenged intravenously with poliovirus
Qan.

Persistent immunologic memory is as-
sociated with durable immunity to para-
lytic polio, as has been discussed above
(29, 31, 32). The persistence of immuno-
logic memory is revealed by a secondary-
type antibody response even in the ab-
sence of demonstrabie antibody {32, 43).
Béttiger has confirmed this phenomenon
7 to 8 years after the last previous dose
of killed poliovirus vaccine (33). Booster
doses of vaccine reveal the presence of
immunologic memory, but are not re-
quired to maintain it (3/-33).

Live and Killed Poliovirus Vaccines

Although it has been shown in the
faregoing section that a killed poliovirus
vaccine can be fully effective for the
control of paliomyelitis and for the eradi-
cation of poliovirus from a population,
many misconceptions about the killed
virus vaccine principle still persist, as
revealed in continuing discussions re-
garding the use of live or Killed polio-
virus vaccine 7).

Prior to licensing for use in 1955, the
killed poliovirus vaccine was subjected
to a scientifically controlled field trial for
safety and effectiveness (48). An attenu-
ated live virus vaccine that could bhe
administered orally was introduced into
the United States in 1961-62 without a
controlled field trial (49). Its approval
was based on uncontrolled field studies
in other countries, even though the oc-

currence of ‘‘post-vaccination polio-
myelitis [was] not capable of being exam-
ined in as great detail as one would wish
it to be™ (50).

Several justifications were given in
1961 for the replacement of a proven safe
and effective killed poliovirus vaccine
with a live vinus vaccine (30). One was
that the live virus vaccine would provide
more effective community protection by
inducing “‘intestinal immunity'"; anather
was that live virus vaccine would induce
more persistent immunity; a third was
that an oral vaccine would be easier to
administer and would be more accept-
able to the public than an injected vac-
cine; and finally, the advantage of a live
virus vaccine in arresting outhreaks was
pointed out. In addition, it was stated
that the live virus vaccine could be ad-
ministered ‘‘without the risk of paraly-
sis’” (30). Each of these is discussed
below in light of our accumulated experi-
ence in 1976.

Community protection. When live vi-
rus vaccine was first introduced, it was
stated that “*although {killed poliovirus]
vaccination can he expected to reduce
greatly the relative risk of paralytic polio-
myelitis among adequately vaccinated in-
dividuals, the procedure cannot be ex-
pected to have a great effect on the in-
cidence of alimentary poliovirus infec-
tion among either wvaccinated or un-
vaccinated individuals, and therefare the
eradication of the disease as a commu-
nity health problem™ (54). This was a
reflection of the belief that the principal
made of viral transmission was by the

fecal-oral route. The live virus vaccine
was preferred because it more effective-
ly reduced the rate of fecal excretion of
virus upon subsequent reinfection with
attenuated viruses, and better induced
the production of IgA in nasal and duade-
nal secretions (31). However, such *'in-
testinal immunity’® does not seem to he
significant epidemiologically in view of
the herd effect observed in areas where
the killed virus vaccine has been widely
used (3, p. 136; 14, 37, 38, 52, 53). Appar-
ently virus dissemination is reduced by
the use of a killed paliovirus vaccine.

A mechanism for this effect is sug-
gested by studies on the presence of
pharyngeal poliovirus in individuals vac-
cinated with the killed poliovirus vaccine
and exposed ta either wild-type or atten-
uated poliovirus. Wehtle et af. (54) stud-
ied throat swabbings from individuals
exposed to cases of paralytic polio. They
found a lower incidence of positive tests
for virus in individuals vaccinated with
the killed poliovirus vaccine, but no dif-
ference in the frequency of pasitive tests
for fecal virus in vaccinated ot unvacci-
nated individuals. They have interpreted
their data as suggesting that vaccination
with killed poliovirus can have an effect
on potential pharyngeal transmissibility,
but would be less likely to have an effect
on fecal transmissibility.

Similarly, tests for pharyngeal virus
were uniformly negative after large
amounts of attenuated strains were fed
ta children previously vaccinated with a
killed virus vaccine, although tests far
pharyngeal virus were positive in 80 per-

Table 4. Percentage of subjects with type I poliovirus antibody titers at ar above levels indicated hefore {pre) and 2 weeks after (post) a third dose
of killed poligvirus vaccine. Primary immunization administered 1 year earlier with two equal doses (2 weeks apart) of reference vaccine A.
Subjects were divided inta groups which received different volumes of reference vaccine A per dose. The third dose consisted of | ml of vaccine J

for all groups (43, 44).

Percentages after a primary immunizing dose of:

Antibady

titer 2ml 1 ml 1/2 ml 144 ml 1/8 ml 1/16 ml None
Pre Past Pre Paost Pre Post Pre Paost Pre Past Pre Post Pre Past

= 4 92.0 84,7 60.0 72.8 45.2 35.3 Q 78.8
= 8 84.0 61.7 40.0 43.6 . 14.8 51.6
= 16 68.0 42.5 30.0 100.0 22.9 13.0 100.0 6.0 103.0 33.5
= 32 24.0 11.8 15.0 96.2 9.3 1.4 93.4 il 96.2 6.3
= 64 8.0 8.0 0 92.4 4] 100.0 0 80.1 0 £0.9 13
= |28 0 100.0 0 80.9 96.3 56.8 34.8 0
= 256 95.9 1000 73.3 70.4 333 15.6
= 512 91.8 95.3 69.5 40.8 16.9 4.1
= 1024 Ri.§ 5.8 46.5 297 10.3 4.1
= 2048 75.2 52.5 19.6 14.9 7.0 0
= 4096 54.4 28.7 15.8 11.2 3.7
= K192 25.3 14.5 12.0 7.5 0
= 16,000 8.7 9.8 4.4 7.5
= 32,000 4.6 3.1 0 a8
= 64,000 0 [ ]
Subjects .

(Noit 26 24 26 U 21 26 22 27 k) | 30 24 26 K] 33

*Reciprocal of serum dilution capable of neutralizing 100 TCIDg, type [ virus. tNumber fram whom serum samples were available.
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cent or more of unvaccinated controls.
In commenting on these results, Sabin
(55) states that this “‘strongly suggests
that antibody produced by a killed virus
vaccine can interfere with the local-
ization and multiplication of poliovims in
the throat. . . .”” He also points out “*that
under natural conditions of infection
with ‘viraemic’ strains [virus that is car-
ried in the blaod] the high incidence of
pharyngeal virus in patients with the clin-
ical disease is mare readily explained on
the basis of secondary localization from
the blood than on primary localization of
ingested virus.”” He adds that “‘on this
-basis one would expect that even mini-
mal amounts of antibody in the blood
engendered by killed virus vaccine
would be sufficient to block the second-
ary localization of ‘viraemic’ poliovirus
in the throat.'” This is equivalent to the
prevention of paralysis by blocking the
secondary localization of **viraemic'" po-
liovirus in the CNS, and it has been
observed that the killed poliovirus vac-
cine reduces community spread to the
same degree that it reduces the risk of
paralysis for individuals (70, 11, 13).

In addition, it is known that the period
of highest communicability of naturaliy
accurring paralytic poliomyelitis is more
closely related to the presence of virus in
the pharynx (34) than to the excretion of
virus in the feces (I10). These findings
suggest the importance of the oral-aral
route of viral dissemination, especially
when sanitation conditions are generally
goaod.

Persistence of immuniry. When live
poliovirus vaccine was first introduced,
it was stated that *‘the persistence of
immunity induced by the oral poliovirus
vaccine may be of much longer duration
than is the case with [killed poliovirus]
vaceine . . .77 (30).

Data demonstrating the persistence of
immunity induced with killed paliovirus
vaccine have already been presented and
discussed. The impression that immunity
induced by the killed virus vaccine was
not of long duration arese as a result of
the lowering of the original potency re-
quirements hy the Division of Biologics
Standards in 1955, To compensate for
the less potent vaccine then produced, a
sipplementary dose was recommended
(43, 37). This detail in the early history of
the killed poliovirus vaccine is, in large
part, the basis for claims of the imperfect
immunizing power of the killed virus vac-
cine and the assumption that there was a
need for repeated booster doses. The
impression of imperfect immunizing ca-
pacity of killed poliovirus vaccine was
also created hy the low levels of protec-
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tion achieved with the use of two doses
of intradermally administered vaccine of
poar potency in the initial mass immuni-
zation campaigns in some FEuropean
countries (38).

As the technology of virus cultivation
improved, more potent vaccine became
available in the late 1950's, and the level
of potency originally required for vac-
cine release in the United States was
restared In 1968, Vaccines now being
produced are above this level (59, 60),
and induce persistent immunologic mem-
ary reliably with two to four doses (32,
33). In Finland and Sweden (37, 38}, for
example, two primary doses are given a
month apart, starting at § and 9 months

at about 18 to 24 months, and a supple-
mentary fourth dose at about 6 to 7
years.

Studies on persistence of immunity
subsequent to the use of live poliovirus
vaccine have been reported and dis-
cussed (67). At present four or five doses
of live poliovirus vaccine are recom-
mended in the United States: three pri-
mary doses at 2, 4, and 6 months, with
supplementary doses at 18 months and
on entering school (42, 63).

Vaccine utilization, It was also felt in
1962 that a vaccine given by mouth
would be more readily accepted and
used than a vaccine given by injection.
Hawever, available data do not suppart

of age, respectively; a third dose is given  this belief. The 1974 utilization rates of

Table 5. Calculation of expected effectiveness rates for killed poliovirus vaccines of different
hypothetical patencies, based on data and relationships shown in Fig. 5. The patency of vaccine
shown in Fig. 5 is approximately 0.53. The potency of vaccine currently available (59, 60) is
preater than 0.8,

Doses required for

Vaccine Effectiveness ratet after each dase desired effectiveness
potency*
First Second Third Fourth = 90% = 95%
1.0 100 1 1
1.5 a0 99 999 1 2
0.8 80 96 99.2 2 2
0.7 70 91 97.4 99.2 2 3
.6 60 84 93.6 97.4 k! 4
(.5 30 75 87.5 93.8 4 i
(.4 4 ) 64 78.4 85.4 i i
a3 30 51 64.7 75.3 i i

*Single-dose effectiveness rate divided by 100 percent. tExpressed as cumulative percent of vaccinated
individuals expected to he efectively immunized against paralysis. flmpractical.

Table 6. Persistence of demonstrable antibody after immunization with killéd paliovirus vaccine
in the groups referred to in Table 4. The percentage of subjects with antibody titers at or above
the levels indicated at yearly intervals after booster dase. In each of the twa groups there were
43 subjects wha were followed throughout the study (32). The primary immunization consisted
of two dases 2 weeks apart of reference vaccine A in quantities indicated. The booster dose was
a single |-ml dase of vaceine I | year later.

Response to immunization with:

Antibod
titers B 2,1,0r 12 ml 144, /8, or 1/16 ml
Year |t Year 2t Year M Year [t Year 27 Year 3t

Type I

=4 100 140 100 88.4 79.1 72.1

=8 97.7 130 97.7 63.1 46.5 51.2

=14 95.3 93 93.0 37.2 27.9 23.3

=732 93.0 93 99.4 25.6 20.9 18.6

= 64 93.4 93 26.0 11.6 11.6 13.9
Type If

=4 100 100 100 100 140 100

=R 100 100 100 100 100 100

= |6 100 100 140 100 100 95.3

=32 100 100 100 100 140 939

= 64 100 100 100 100 93.3 931.0
Type I

=4 LA I 100 100 95.3 90.7 95.3

=8 100 100 90.7 4.4 74.4 74.4

= 16 97.7 95.3 86.0 55.8 51.2 48.8

=12 90.7 86.0 76.7 319.5 30.2 27.9

= 64 83.7 79.1 721 32.6 18.6 16.3

*Recipracal of serum dilution capable of neutralizing 100 TCID,, virus. 1Time interval after boaster dase.
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diphtheria-tetanus-pertussis (DTP) vac-
cine and of live poliovirus vaceine in the
United States show a higher rate for
three or more doses of DTP given by
injection as compared with three or more
dases of live paliovirus vaccine given by
mauth (Table 7). A useful advantage of 4
killed poliovirus vaccine is that it can he
effectively combined with other vaccines
to simplify programs of routine immuni-
zation. Combined DT-polio and DTP-
polie vaccines are used in Canada, Hol-
land, Denmark, France, and other coun-
tries (3, p. 139; 39, 64).

The ease of administering an oral vac-
cine which is effective in a single dose
would be an advantage in immunjzation
programs, especially in underdeveloped
countries. However, multiple doses of
live poliovirus vaccine are needed to in-
duce immunity reliably. In particular,
studies in countries with warm climates
(where most palio cases now occur) have
demonstrated that the live virus vaccine
is less effective that had been expected
65). Immunity in the individual is not
reliably established because vaccine vi-
rus implantation is blocked by the pres-
ence of unexplained inhibitors in the in-
testinal tract. There is the further prob-
lem of lass of vaccine potency due to the
need to maintain the Jive virus vaceine in
the frozen state, and at low temperatures
during routine use. These problems can
be solved by the use of the killed virus
vaccine (66) which does not require in-
testinal infection, which maintains po-
tency with normal refrigeration, and
which is mare stable during routine use
in warm climates.

It is possible ta adjust killed virus vac-
cine potency so as to induce immunity
with fewer doses (Tables 3 and 5). The
advantage in economy and efficiency of a
poliovirus vaccine requiring only one ar
two doses given by injection might offset
any present advantages in cost associat-
ed with the use af the live paliovirus
vaccine given orally in three or more
doses. In addition, recent improvements
in technology have reduced the cost of
killed poliovirus vaccine production (3,
p. 137; 67}. The possibility of further
improvement exists by using diploid cell
cultures or culiures of continuously
propagating cells (68), by using viral
subunits free of pucleic acid and cell
constituents (), and by using immunolog-
ical adjuvants.

Control of outhreaks. The live polio-
virus vaccine is distinctly advantageous
during an outbreak, when widespread
administration of a single dose can com-
pete with the wild virus prevalent in the
community. An established attenuated
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virus infection in the alimentary tract
interferes with subsequent wild virus in-
fection and exerts a protective effect pri-
or to the development of any antibody
response. Such an effect is not produced
by the killed virus vaccine.

Safery. Poliomyelitis has disappeared
in Sweden and Finland with the use of a
killed virus vaccine alone; but in the
United States cases of poliomyelitis have
continued to occur. This comparison is
statistically significant even when the dif-
ference in population size is taken into
consideration (69). Norway is similar to
Sweden and Finland, both socially and
demographically. In Norway the live vi-
rug vaccine is used alone, and the attenu-
ated vaccine virus is the only source of

Table 7. Comparison of utilization of diph-
theria-tetanus-pertussis (DTP} and oral live
poliovirus vaccine (OPV) in the United States
(1974). The data are shown as percentages of
the age groups that received three doses of
DTP by injection and the percentage that re-
ceived three doses of OPV by mouth (117).

Age U.S. total [nner city areas
group  pTP  QPV  DTP  OPV
<1 33% 2% 29% 2%
- 4 T4 63 70 60
5~ 9 85 74 43 !
10-13 86 FO* 83 68*

*Age group of 10 to 14 years.

Tahle 8. The number of cases of live virus vac-
cine-associated paralytic poliomyelitis for
known recipients and contacts, in the United
States, 1961 through September 1976 (74,
118). In the period 196] to 1964, approximate-
ly 100 million doses each of monovalent types
I, II, and [I[ and approximately 28 million
dases of trivalent were distributed. In the peri-
od 1965 to 1976, approximately 7 million
doses each of monavalent types I, II, and III
were distributed and approximately 280 mil-
lion dases of trivalent.

Cases 1961-64 196576 196176
Recipient 63 32 95
Cantact 3 50 53

Total 66 a2 148

Tahle 9. Summary of cases of paralytic polio-
myelitis: United States, January 1973 to Sep-
tember 1976 (72, 118).

Total

6  Imported
30 Domestic

Source Type Na.

Vaccine-associated 27
({6 recipients)*
{11 contacts)
“Endemic" 3

*Eleven immunodeficient children. tTwo "*vac-
cinelike' or ‘‘intermediate’ viruses, and one wild-
type virus isolated {see text for details).

domestically arising cases of paralytic
poliomyelitis (7¢). In the United States,
after 1972, wild-type virus activity ap-
pears to have ceased (7I), and, except
for occasional imported cases, the live
virus vaccine is now the principal cause
of polio in the United States (72) and in
ather couniries (73).

Between 1961 and 1976, 148 cases as-
saciated with live virus vaccine were
repasted (Table 8). The reason for the
decrease in number of cases in recipients
after 1965 is that the live virus vaccine
was no longer recommended for adults
(74). Mare children than adults had pre-
viously received the killed virus vaccine,
and were therefore protected against the
paralytic effect of the live poliovirus vac-
cine (75). The number of contact cases
increased after 1965 because adults were
no lenger being immunized (the killed
poliovirus vaccine was unavailable in the
United States between 1968 and 1975),
but the adults were still being exposed to
vaccine virus (live) shed by vaccinated
children (74).

The risk in the United States of para-
Iytic disease for individuals vaccinated
with live poliovirus and their contacts is
estimated to be [ per 3 to 4 million doses
of vaccine distributed (see Table 8). Cal-
culation of the actual risk to susceptible
individuals is difficult, both because
most of the 25 million doses of vaccine
distributed annually are administered to
thase already immunized at least ance,
and because the number of susceptible
individuals in contact with vaccinated
persons cannot be estimated. The risk of
paralytic disease associated with use of
the same vaccine in Norway was esti-
mated to be 1 case per | million doses
distributed, or 1 case per 300,000 vacci-
nated children (70).

The actual number of cases of vaccine-
assoclated disease is more meaningful
than the estimated risk based on the
number of doses of vaccine distributed.
A comparisan of the actual number with
the number of cases of naturally ogcur-
ring wild-type poliovirus infection is a
more appropriate measure of risk asso-
ciated with the use af the live paliovirus
vaceine. In 1973, all 13 of the domesti-
cally arising cases of paralytic polio-
myelitis in the United States were asso-
ciated with the use of the live virus vac-
cine (72). In all cases there was signifi-
cant to severe residual paralysis, and
there were three deaths—the latter in
immunodeficient children. There were
nine recipient cases (ages 4 months to 6
years) and four contact cases (ages 17
months to 36 years). Between January
1973 and September 1976, 36 cases of
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palio have been reported (Table 9). Of
the 30 domesiically arising cases 27 (90
percent) were reported as associated
with the live poliovirus vaccine. Three
cases were officially reported as **endem-
ic—not vaccine associated'” although the
two samples of type III virus isolated
from two cases were classified as “‘vac-
cine-like’” and *‘intermediate’* with re-
spect to their genetic markers. A type [
virus isolated in the third case did not
have the genetic markers of the vaccine
virus. However, it is known that these
markers can be lost as the attenuated
virus multiplies in the intestinal tract,
and virus without the genetic markers of
the vaccine strain are found in fecal sam-
ples from vaccine recipients and from
known  vaccine-associated  paralytic
cases (63, pp. 8-9; 76). Hence, it would
appear that the live virus vaccine was the
source of virus in two of the *‘endemic’
cases, and, in the third case, the source
of virus cannot be definitely identified: it
may or may not have been the live virus
vaceine.

In 1961, the spread of attenuated polio-
virus from wvaccinated to unvaccinated
individuals was thought desirable to in-
crease  community  protection by
“‘spreading immunity.” This mechanism
is difficult to control since the attenuated
virus is not completely without viru-
lence, and it can produce disease in nor-
mal as well as immunodeficient individ-
uals (72). Vaccine virus-induced disease
has been ohserved in persons without
known contact with a vaccinated individ-
ual (77). The original belief that the live
poliovirus vaccine could be administered
without risk of paralysis has not been
supported by experience (74, 78).

Effectiveness of Killed Influenza

Virus Vaccines

Studies beginning in the mid-1930°s
demonstrated that the incidence of in-
fluenza could be reduced by inoculation
with inactivated viruses (13, 79). Many
subsequent reports have confirmed these
observations (I8, 23-26). For the pur-
pose of discussion of the principles in-
volved, we briefly present data from field
studies 34) in 1943, 1945, and 1947 81~
83).

In these early studies, a significant
degree of protection was observed when
there was a close maich between one of
the viral antigens contained in the vac-
cine and the virus causing the epidemic
(23, 81, 82, 84). The incidence of in-
fluenza A in 1943 was reduced by 70
percent (7.5 percent incidence of disease
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Table 10. Incidence of influenza among individuals with different serum antibody titers (23},

Percent of population Disease incidence {percent)

Antibody - - -
titers* Control Vaccipated Control Vaccinated
(N = 888) (N = $88) ™ =T72) (N = 20)
<8 13.4 26.1
8 12.2 2.4% 14.8 201
16 2.0 7.7
32 29.3 9.9 3.5 1.4
64 14.2 19.5 2.4 29
128 6.9 30.5 1.6 2.2
256 2.0 20.7 Q 10
512 7.3 0
1024 8.5 ]
2048 1.2 0

*Reciprocal af initial serum dilution capahle of inhibiting four hemagglutinating units of Weiss strain of type A
virus. tPercentage combined for antibody Tevels of = 16,

in the controls and 2.2 percent in the
vaccinated) (87). The incidence of in-
fluenza B in 1945 was reduced by 92
percent (11.2 percent incidence of dis-
ease in the controls and 0.9 percent in
the vaccinated) (82). The greater effect
observed in 1945 may bave been due, in
part, to a herd effect since separate total-
ly vaccinated and unvaccinated groups
were compared; the 1943 study invalved
an equal number of vaccinated and con-
trol subjects intermingled within the
same limited population,

The importance of vaccine virus speci-

30

20

10+

~_° PR-8 strain
{1934y

Logyp plot-incidence percent
th

Weiss strain
{19413)

<32 32 64 128 266 512 1024
H-1 antibody titer (influenza type A}

Fig. 6. Relation between hemagglutination-in-
hibiting (H-1) antibody titer and illness rate in
unvaccinated individuals with naturally ac-
quired antibody (influenza A, 1943). Antibody
titers are expressed as the reciprocal of the se-
rum dilution inhibiting 4 bemagglutinating
units of virus. To conform to the present meth-
od of expressing antibody levels in terms of
initial rather than final serum dilutions, divide
by 4. The point for the PR-8 antibody titer of
256 is based on very small numbers since only
6.3 percent of the population had antibody ti-
ters at or abave this level. {From J. E. Salk
(I3}, courtesy of the University of Toronto
Press]

ficity was evident from the experience in
1943, In May of that year, an influenza A
virus was isolated from a localized out-
break (§3). Since there was discernible
antigenic drift between the 1934 PR-8
strain and the 1943 isolate (Weiss strain),
both were included in a vaccine to be
tested the following winter. The ex-
pected epidemic began in late October,
and in nine study groups comprising 6211
controls and 6263 vaccinated, the in-
cidence was reduced by 70 percent, as
noted above (8/). Thé incidence of ill-
ness requiring admission to the infirmary
was inversely proportional to the level of
antibody when antibady titer was as-
sayed with a strain closely rélated to the
strain causing the outbreak (Fig. 6). This
inverse relationship was more ohvious
with the 1943 isolate than with the 1934
strain {13, 23). Failure to protect in 1947
(83) (only 9 percent reduction in vacci-
nated as compared to controls) was due
to the first appearance of the type A,
variant, not represented in the vaccine.
The explanation of the failure was evi-
dent in that the antihody response to the
vaccine strains was high, while response
to the type A, strain was insignificant,
except in approximately 1 out of 20 per-
sOns.

The incidence of disease in bath vacci-
nated and unvaccinated groups in 1943
was abserved to be inversely related to
the level of serum H-I antibody (Table
10). The similarity of disease incidence
at equivalent antibody titers for vacci-
nated and unvaccinated groups indicates
that serum H-I antibody was equally well
carrelated with protection whether in-
duced by prior natural infection or by
vaccination. The incidence of disease
was 2.3 percent in the vaccinated and 8.6
percent in the control group, a reduction
of 72 percent. The degree of protection is
directly correlated with the distribution
of antibody levels in each population.
Other investigators have reported similar
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Table 11. Incidence of febrile reactions
(= 100°F or 38°C) following the injection of
different dases of agueous influenza virus vac-
cine (38).

Daose Subjects Fever
{(CCA units) {(No.) (%)
4100 25 20
1875t 15 52
17104 15 33
1140% 20 25
1025+ 40 48
855% 30 33
370t K] 16
410% 9 15
285% 30 10
100+ 40 ]
20+ 40 ]
Vaccine$ 30 16

*Twice-centrifuged, hateh 7 (2050 CCA units per mil-
ligram of praten}. tTwice-centrifuged, batch 8
{1150 CCA units per milligram of pratein). I0nce-
centrifuged, lot No. 4981 {1140 CCA units per milli-
gram af pratein}. §Vaceine used in 1943 Reld trial
(approximately 500 CCA units per dose).

observations on the relation between an-
tibody level and susceptibility to disease
(24-26). _

During the epidemic of 194344, anset
of immunity was observed 8 to 9§ days
after vaccination (8, 86), and per-
sistence of immunity from vaccination 1
year previously was also observed (/5).
The latter abservations were made in an
institution in which approximately 40
percent of the population in some living
units had been vaccinated the year be-
fore, and in ather units the population
was essentially unvaccinated. The total
incidence of clinical disease in 1319 mem-
bers of the unvaccinated groups was 12.4
percent; among the {916 in the partially
vaceinated groups the incidence was 1.9
percent. The incidence of disease in the
partially (40 percent) vaccinated groups
was 85 percent less than in the unvacci-
nated groups. These results indicate that
vaccination continued to exert a protec-
tive effect after a year, and that vaccina-
tion of 40 percent of a population in-
duced a herd effect. Other investigators
subsequently reported persistence of im-
munity for 3 years after vaccination (18,
pp- 281 and 285; §7), and also the exis-
tence of a herd effect (J6-18).

The actual duration of immunity to
any specific influenza virus is obscured
by antigenic drift and antigenic shift.
New antigenic subtypes or strains may
cause varying degrees of clinical illness
even in the presence of antibody which is
fully protective against the previously
prevalent virus (/8). _

An attempt was made to enhance in-
fluenza virus vaccine effectiveness by
increasing its antigen content. Graded
dases of purified cancentrated killed vi-
rus preparations were studied in 1944
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(88). Although antibody response was
enhanced, the immunological benefit
was nullified by an increase in rate of
febrile reactions (= 100°F or 38°C) ac-
companied by chills, headache, and ma-
laise (Table 11). This has also been ob-
served by others (89).

The vaccine used in the 1943 field trial
was included for comparison, and the
number of febrile reactions appeared to
be propartional to its virus content when
compared with the purified virus prepara-
tions. This suggested that the reactions
observed with the field trial vaccine were
due to the virus itself and not to allantoic
fluid or to chicken red blood cell com-
ponents contained in the vaceine. The
virus was grown in developing chick em-
bryos and concentrated crudely by ad-
sorption with chick embrya red cells and
eluted into a smaller volume (90).

Recent technical developments allow
for the preparation of purified antigenic
material with fewer febrile reactions: the
use of continuous flow zonal centrifuga-
tion (18, 25, 91), the disruptior of virus
particles (92}, the isolation of highly puri-
fied envelope proteins, and even the
preparation of crystalline hemagglutinin
(93).

The development of an effective
means of immunization against the in-
fluenza viruses, which vary unpredict-
ably, depends partly on the answer to the
theoretical question of whether their anti-
genic varjation is finite or infinite (3, 7).
If antigenic variation is finite, and if in-
fluenzas A and B are represented by a
limited number of subtypes, then it might
be possible to develop a vaccine that
contains antigens for all human pathogen-
ic strains. If antigenic variation is in-
finite, it would be necessary to rely on
a good surveillance system, rapid deci-
sion-making, and an adequate produc-
tion capability when new antigens ap-
pear.

There is serologic evidence that the
subtypes designated H2N2 (Asian 1957)
and HIN2 (Hong Kong 1568) were preva-
lent in 1889 and 1900, respectively @).
The reappearance of these subtypes after
many decades might mean that major
antigenic variation (shift) is cyclic (Table
12). This would he compatible with the
idea of a finite number of subtypes, but
does not prave it. Only future studies
will reveal the validity of these hypothe-
5es.

It may be easier to control human

influenza than has been generally be-

lieved. The available data indicating the
accurrence of a herd effect suggest that
the prevalence of influenza virus in a
human population ean be influenced by
appropriate immunization programs.

Tahle 12, Periodic variation in prevalent sub-
type of influenza A resulting from antigenic
shift. [Adapted fram E. D. Kilbourne {(6}]

Subtype designation [nitial year
of cycles
Present Former of prevalence
HON1 Ag 1928
HINI A (A prime) 1946
H2N2 Ap (Asian) 1889 1957
H3IN2 HK (Hong Kong) 1900 1968
Swine 1918

H, N1

The epidemiologic relation between the
propartion of the population with anti-
body and the natural suppression of vi-
rus strains (5, 7), together with the rela-
tion between antibody titer and reduc-
tion of incidence of disease (Fig. 6) in-
dicate that the long interval beiween
periods of prevalence of each subtype
could conceivably be extended indefi-
nitely by effective immunization.

At present, the strategy for control of
human influenza is to anticipate future
strains and to change the strain compaosi-
tion of the current vaccine as needed
(I8). This requires vaccination for each
anticipated strain change, as was being
done (in late 1976) for the A/New Jersey/
76 (swine-type) influenza. However, it
would be expected that by increasing the
immunity index of the population against
all known antigenic varieties, it would be
possible to suppress the development of
future outbreaks of these strains. The
fundamental gquestion in the devel-
apment of effective influenza control is
therefore the feasibility of developing a
single immunizing preparation against all
of the known antigenic variations of in-
fluenza virus which can cause human
disease. This would permit immunijza-
tion early in life (18, 94), routinely befaore
entrance into school, for example; and
reimmunization only if long-term studies
indicate the need, or if a new, unknown
antigenic strain were to appear. It may
be possible to develap such a vaccine by
using a potent immunologic adjuvant
{18).

Immunologic Adjavants

In view of the febrile reactions asso-
ciated with the use of increasing quan-
tities of influenza virus antigen (88), stud-
ies were undertaken in 1950 with immu-
nalogic adjuvants (95). Mineral salts are
commonly used for this purpose, as in
adsorbed diphtheria and tetanus toxoid
vaccines. When calcium phosphate—pre-
cipitated influenza virus was tested, mini-
mal potentiation of the immune response
accurred (96). Since Friedewald (97) and
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Henle and Henle (98) had previously
shown the enhancing effect of Freund's
adjuvant (99, 160) on the antibody re-
sponse to influenza virus, such studies
were again undertaken. Freund’s adju-
vant cansists of a water-in-mineral oil
emulsion, with ar without mycobacteria
{99).

Undesirable [ocal inflammatory reac-
tions were encountered in early investi-
gations in animals by Friedewald (97)
using complete Freund's adjuvant (with
mycobacteria), and in humans by Henle
and Henle (98) using incomplete
Freund’s adjuvant (without mycobac-
teria). These local inflammatory reac-
tions can he reduced, however, by using
an incomplete Freund’s adjuvant which
contains emulsifying reagents less tissue-
damaging than those used by Henle and
Henle, and by dispersing the inoculum
via the intramuscular rather than the sub-
cutaneous route (107,

Studies with emulsified influenza virus
vaccine in monkeys resulted in high, sus-
tained levels of antibody even when the
dase of antigen was reduced by several
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orders of magnitude (/02). Data from
human studies with emulsified vaccines,
which are presented below, reveal the
increased efficiency of antigen utilization
for inducing and maintaining high levels
of antibody «5).

The rise in antibody levels is more
striking after inoculation with emulsified
(adjuvant} vaccine, than after inocu-
lation with aqueous (saline) vaccine (Fig.
7). The antibody titers 6 weeks after
vaccination in both groups tend to per-
sist for a year, with some decline at the
highest levels. This decline of antibady
titer does not continue {Fig. 8). It can be
seen that antibody titers induced by vi-
rus emulsified in mineral oil continue to
rise aver a longer period and persist at a
higher level than those induced by virus
in saline. Stuart-Harris and Smith ef al.
(103} have reported similar findings, and
Bell er al. (f04) have reported per-
sistence of antibody for 9 years.

Antibody response is directly related
to quantity of antigen in both aqueous
and adjuvant vaccines (Fig. 9). In this
population, which had previous expo-

¥irus in saline
45 persons

Virus + adjuvant
{101 subjects)
A

AT

e | <5

sure to this strain of influenza virus,
equivalent responses were evoked with
320 CCA (chicken cell agglutinating)
units per dose in an agueous vaccine and
with 1.0 CCA unit per dose in an emulsi-
fied vaccine. An emulsified vaccine con-
taining 10 CCA units per dose induced a
higher leve] of response than did an aque-
ous preparation containing 320 CCA
units. These data also suggest little ad-
vantage, in terms of antibody response,
in increasing the amount of this particu-
lar strain of virus much beyond (¢ CCA
units per dose in an emulsified vaccine in
this population. When the volume of
emulsion was increased, however, and
the antigen content was kept constant (in
this instance, at 32 CCA units per dose},
a significantly greater response oc-
curred.

Equivalent quantities of antigen of dif-
ferent influenza virus sirains induce dif-
ferent levels of antibody response (Table
{3). The superiority of adjuvant vaccine
is again seen.

Previous natural exposure ta specific
virug strains, as evidenced by antibody

Virus + mineral ail

4096 4 45 persans

2048
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512
256

&4
32
Type A antibody {PR-8]

Y

R, |
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I

2 yrs
1wr o
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antibody
) . . titers
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1 year after t
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RN AN AN |
Prplr T i iy, ] 28+
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Percent of individuals with titers at or above levels

indicated at different intervals after vaccination
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16
Type 8 antibody {Lee]
32. 223 3 %
Y =
L i % E |=—
E‘”ﬂ_ a’\c-qr o o

- |nterval postvaceination —— w

Fig. 7 (upper left). Comparison of antibedy response and persistence
in human subjects inoculated with influenza virus in aqueous (saline)
or emulsified {adjuvant) vaccines. [From J. E. Salk (¢3); courtesy of
the Journal of the American Medical Association]
right). Geometric mean antibody titers at intervals up to 2 years after
vaccination with influenza virus in aqueous (saline) or emulsified (min-
eral oil) vaceines. The slight rise in type B geometric mean antibody
titer between the first and second year was due to the patural oceur-
rence of influenza B in the interim. [From I. E. Salk et af. ¢5); court-
esy of the Journal of the American Medical Association}
(lower left). Antibody response to diminishing quantities of influenza
virus in. aqueous (saline) or emulsified {adjuvant) vaccines. Each point
represents the mean value of type B Fee antibody titer rise for a group
of about 50 young adults. The vaccines used contained equal parts of
PR-8 {(type A), Cuppett (type A.), and Lee (type B) strains. The stan-
dard aqueous vaccine then in use contained 500 CCA units per 1.0-ml
dose. fFrom I. E. Salk et af. (45); courtesy of the Journal af the Ameri-
can Medical Association]
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Table 13. Specific antibody responses in 36 subjects given aqueous influenza virus vaccine and
36 given adjuvant vaccine. Each vaccine contained equal proportions of PR-8, FMI, and Cup-
pett strains in a final concentration of 125 CCA units per dose (0.5 ml inoculum). It did not

contain strain 283 (5).

Antigen used in

Antibody titers

serologic test Vaceine E;Ei{e After vaccination*
nation* 2 weeks 6 weeks 12 weeks

PR-8(1934) (type A) Agueous 42 333 243 218
Adjuvant 58 256 1843 3277

FM1 (1947) (type A)) Aqueous 38 109 122 102
Adjuvant 26 166 1536 1843

Cuppett (1950) (type A,) Aqueous 16 7 32 26
Adjovant 16 48 870 [331

Strain 283 (1951 F.D.) Aqueons 16 27 . 27 22
(type A,) Adjuvant 16 42 184 480

*Gieometric mean of reciprocal of serum dilution capable of inhibiting four hemagglutinating units of antigen,

titers prior to vaccination, influences the
degree of antibody response to vaccina-
tion {Table 14). Studies have shown that
a second dose of vaccine induces the
same kind of enhanced antibody re-
sponse as that seen after primary vacci-
nation of individuals who have been pre-
viously sensitized by natural infection
(105). Thus, two suitably spaced doses
used for primary immunization would
more uniformly induce higher initial anti-
body titers than a sirigle dose in pre-
viously unsensitized individuals; sub-
sequent doses would act as antibody
boosters for that specific antigen.
Emulsification reduces the tendency
taward febrile reactions, in part because
of the smaller amounts of antigen re-
quired with the adjuvant, and in part
because of the slower release of antigen.
As was already noted, febrile reactions

were not observed with aquecus vac-
cines which contained less than 100 to
200 CCA units of virus (Table 11).

The anly undesirable side effect of min-
era] oil adjuvants which was observed
was the occasional accurrence of a nod-
ule or cyst at the inoculation site. Some
of these reactions were due te free oleic
acid in certain batches of the emulsifying
agent, Arlacel A (mannide monocoleate).
After this was corrected, such local reac-
tions occurred less frequently and were
helieved to be due to inadvertent subcuy-
taneous rather than intramuscular depo-
sition of the inoculum, or to insufficient
purification of the antigen (45, 106, 107).
The eccurrence of infrequent local reac-
tions in those inoculated in large-scale
programs in Britain (J08) has dis-
couraged the use of such vaccines, ex-
cept in persons with a high risk of death

from influenza. Davenport (/06} ex-
pressed the view that these reactions are
Y. .. unimportant in comparison to the
tens of thousands of excess deaths that
generally accompany each visitation of
epidemic influenza.” Nevertheless, it
would be advantageous to eliminate
them by further investigation into their
causes. Hilleman has reviewed the re-
sults of his studies on influenza vaccines
emulsified in peanut oil (169, 110). Tt is
likely that the use of split-virus prepara-
tions, viral subunits, or the use of differ-
ent adjuvant substances will eliminate
the few local reactions that have been
associated with the use of emulsified vac-
Cinges,

The question has been raised con-
cerning a possible delayed tumorigenic
effect of emulsified vaccines. Beebe et
al. (111} conducied a 10-year follow-up
(since then updated to 18 years) (112) of
the recards of 18,000 men given mineral
oil adjuvant influenza vaccine, of 4,000
given agueous vaccine, and of 22,000
given formalinized saline placebo control
in {951-33. “The vaccine groups have
been compared with respect to all diag-
noses listed on the death certificates,
autopsy protocols, and terminal hospital
records. The findings are essentially neg-
ative with respect to malignant neo-
plasms, allergic diseases, and collagen
diseases’ (112, p. 337). Sufficient time
has elapsed for a 23- to 25-year follow-
up.

Tests bave been subsequently con-
ducted in mice to measure the safety of
mineral oil adjuvant and its components

Table 14. Antibody respanse ta aqueous and adjuvant influenza virus vaccines in groups with different prevaccination antibody titers. Figures
indicate percent of subjects with antibady titers at or above the levels indicated hefore and 12 weeks afier vaccination. Horizontal lines mark
postvaccination antibody levels reached by 93 percent or more of those given adjuvant vaccine. Each vaccine contained equal proportions of PR~
8, Coppett, and Lee strains in a final concentration of 500 CCA units per dose; it did not contain strain 283, The aqueous vaccine was given ina -
wl ingculum and the adjuvant vaccine was given in 0.235 ml of inoculum «5).

Percent of subj_céts at or above titer indicated before and after vaccinations

PR-8 (type A) (1934) Lee (type B) (1940} Cuppett (type A,) {1950 Strain 283 {type A} (1951}
Anti After After After After
pubody e , Bee ————  Be- —— ‘ Be- ‘
fore Aque- Adju- fore Aque- Adju- fore Ague- Adju- fore Aque- Adju-
(N = Qus vant (N = aus vant (N = qus vant (N = ous vant .
N = (N = (N = (N = 198 N = (N = (N = (N =
198) 143) 98) 198)
97) 100 44) 99 97) 101} 97 1010)
=8 100 100 100 100 100 100 100 100
14 ‘85 60 100 40 82 99 & 51 95
32 71l 100 22 93 100 8 39 97 3 20 15
64 50 98 11 75 99 2 26 91 1 14 64
128 26 77 100 4 55 96 [ 10 80 0 3 41
156 7 52 G7 1 25 88 a 4 60 2 27
512 4 29 a9 4] 18 70 2 42 2 LI
1024 1 10 80 9 41 [ 2 ( 4
2048 1 4 56 9 15 1 7 a Q
4096 4] 0 0 0 6 0 U
8192 7 0

*Reciprocal of serum dilution capable of inhibiting four hemagglutinating units of virus.
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{113). Sporadic tumors that were not con-
sidered significant were observed in low
incidence at the injection site in BALB/c
and C57B1{ mice of both sexes, and in
female Swiss mice. A significant in-
cidence of tumor formation was ob-
served at the injection site in male Swiss
mice.

Hilleman et al. (109) have questioned
the meaning of these findings and their
relevance to man in view aof the con-
trolled observations made in their labora-
tory, and in view of the findings of Beebe
ef al. (112). Hilleman es al. state that in
their opinion, “‘the minor theoretical risk
raised by the tests in these particular
male Swiss mice seems small when com-
pared to our need for an effective in-
fluenza vaccine.” (109, p. 482}.

Davenport has reviewed the results of
continuing studies on vaccines emulsi-
fied in mineral oil (/04). In summarizing
17 years of experience with the mineral
oil adjuvant, Davenport proposed (106,
p. 292): :

.. . that the wealth of animal, chemical and
clinical data available now urges adoption of
the mineral oil adjuvant influenza virus vac-
cine far widespread use in the United States.
That decision takes into consideration the
prabability that a new pandemic strain is ex-
pected to emerge shortly, and that the use of
minerzl oil adjuvant vaccines affords the great-
est promise for coping with such a potential
disaster.

Conclusion

The basic requirements for effective
immunization include stimulation with a
sufficient quantity of a suitably specific
antigen to induce an immune response
that is appropriate to protect against the
-pathological consequences of infection.
An understanding of these requirements
and the use of quantitative immunclogic
methods have shown that the nature of
the problem of immunization against po-
liomyelitis, and the extent to which it
remains unsolved, is entirely different
from that of immunization against in-
fluenza. For influenza, a killed virus vac-
cine exists which is in need of improve-
ment. For poliomyelitis, there are two
vaccines: one made of killed viruses and
the other made of attenuated live virus-
es.

Contrary to previously held beliefs
about poliovirus vaccines, evidence now
exists that (i) the live virus vaccine can-
net be administered without risk of in-
ducing paralysis, (ii) the killed virus vac-
cine does suppress virus spread and can
eradicate poliovirus from a population,
(iii) booster doses of killed poliovirus
vacecine are no mare necessary than
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booster doses of live poliovirus vaccine,
and (iv} an arally administered [ive polio-
virus vaccine is not necessarily more
effective or more acceptable for polio-
myelitis immunization than a killed polio-
virus vaccine administered by injection.

A killed poliovirus vaccine is safe and
effective under all circumstances when
properly prepared (58, [14). The live po-
liovirus vaccine carries a small, inherent
risk of inducing paralytic poliomyelitis in
vaccinated individuals or their contacts.
Where paralytic poliomyelitis is preva-
lent, this risk is relatively less than that
of the natural disease; but where natural-
ly occurring poliomyelitis has been sup-
pressed or eradicated, the risk from live
peoliovirus vaccine is greater than that
from the natural disease. This is similar
to the present situation with smallpox
vaccine,

The live poliovirus vaccine has been
the predominant cause of domestically
arising cases of paralytic poliomyelitis in
the United States since 1972, To avoid
the occurrence of such cases, it would be
necessary to discontinue the routine use
of live poliovirus vaccine. Since polio-
myelitis is still prevalent in many parts of
the world, however, discontinuation of
programs of routine vaccination would
be unwise at this time. A killed polio-
virus vaccine is available (715) both to
maintain population immunity in areas of

low poliovirus prevalence, such as the

United States, and to eradicate polio-
vitus from areas of the world where po-
liomyelitis continues to he prevalent,
The live virus vaccine should be used in
the event of outbreaks of poliomyelitis in
areas where unprotected individuals are
at high risk.

A single vaccine against all known
strains of influenza virus cannot be
achieved with an aqueous preparation of
killed viruses which can contain only a
few straing because of the large quantity
of each which is needed to stimulate
immunity. It might passibly be achieved
by a suitable combination of killed virus-
es or their purified antigens which is
potentiated by an immunologic adjuvant,
Water-in-oil emulsified vaccines more ef-
fectively evoke and maintain higher anti-
body titers than either aqueous vaccines
or infection (95). Moare strains can be
included in an adjuvant vaccine because
smaller quantities of each antigen are
required. Further enhancement is pos-
sible by choosing the most potent aoti-
genic strains available to induce the
broadest degree of antigenic cross-
reactions.

If a new pandemic strain appears, the
use of a potent immunologic adjuvant
would permit more rapid and mare eco-

nomical production of large quantities of
a monovalent influenza virus vaccine,
because of the relatively small amounts
of antigen needed. Use of an adjuvant
would also permit the preparation of a
polyvalent influenza wvaccine which

~would allow routine immunization pro-

grams to be developed.

Only by raising and maintaining the
immunity index of the population against
all antigenic variants that are pathogenic
in humans will we be able to control
influenza effectively. We will gain fur-
ther understanding of the requirements
for controlling influenza only by contin-
ued basic research and by epidemiologi-
cal studies in the course of attempting to
prevent outbreaks. As Kilbourne has
said, “one approaches the prospect of
‘eradication’ in biclogy with temerity,
but it is not an impaossible goal” &, p.
538). With what is now known about the
immune response, the influenza viruses,
and immunelogic adjuvants, we may
well be able to do so.

Summary

The requirements for inducing immuni-
ty against an infectious disease are out-
lined, and the application of these re-
quirements to the development of effec-
tive vaccines {vaccinology) is discussed.
Influenza and poliomyelitis are examined
from this viewpoint, and data are pre-
sented that demonstrate the effective-
ness of killed virus vaccines against
these diseases. A comparison between
live and killed poliovirus vaccines sug-
gests the desirability of returning to the
use of a killed virus vaccine for the eradi-
cation of polio. The natural histery of
influenza and experience with vaccina-
tion suggest that influenza might be
brought under effective control by rou-
tine immunization in childhood with a
polyvalent killed virus vaccine paten-
tiated by an immunologic adjuvant.
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