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PRINCIPLES OF ACTIVE IMMUNIZATION®*

By GeOFFREY EpsaLL, M.D.

Institute of Laboratories, Massachusetts Department of Public Health and the
Harvard School of Public Health, Boston, Massachusetts

Successful active immunization depends, in the first instance, on the
existence of a pertinent immune mechanism in the disease in question. In
addition, it depends on the development of an effective antigenic prepara-
tion for use in immunization against the disease, and evidence that this
preparation is acceptable for use in man. Furthermore, it is now considered
essential to establish, by means of soundly designed field trials, that the
immunizing agent actually provides a satisfactory degree of protection. In
recent years this requirement has been imposed upon vaccines that had been
in use for over half a century. Thus, at last there is genuinely acceptable evi-
dence for the efficacy of typhoid vaccine (1-6) and, to a lesser extent, for
cholera vaccine (7).

Apart from such considerations, it is desirable to examine, in detail, the
dynamics of the procedures that are employed in active immunization. Al-
though there are great variations among such procedures, certain generaliza-
tions are beginning to emerge, derived both from studies on immunization
and from advances in general immunology. This review will deal with a
limited number of these areas of progress, where they appear to bear most
directly on advances in active immunization.

Live VERsuUs KILLED VACCINES

Two widely differing approaches to active immunization have long been
recognized; the use of live, attenuated strains of the disease agent in question
as with smallpox vaccine, or the use of processed inactivated components of
the etiologic agent, ranging from crude suspensions such as typhoid or per-
tussis bacilli to the refined, selected antigenic fraction in a purified diphtheria
toxoid. Little critical study of the essential differences between these ap-
proaches has been done. It is apparent that a live vaccine which multiplies in
the host will generally produce a relatively massive outpouring of antigen
compared to what can be achieved, within the limits of host tolerance, with
most killed antigens. Also, it is generally assumed (usually without adequate
evidence) that the antigens_in living vaccines are antigenically ‘‘closer” to
those of the virulent disease-producing agent itself. In addition, it is widely
believed that a live antigen engages certain tissues in some vital immuno-
logical commitment that cannot be achieved by the corresponding killed

1 The survey of the literature pertaining to this review was concluded in August
1965.

2 Support for the preparation of this review has been derived in part from sponsor-
ship by the Commission on Immunization, Armed Forces Epidemiological Board,
and through a contract with the Office of the Surgeon General, Department of the
Army.
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antigen. Occasionally, in a special case, this belief receives experimental sup-
port—as with oral poliovirus vaccine which, probably because of its route of
administration, induces massive local immunity in the gastrointestinal tract,
thus blocking the entrance of subsequent wild, virulent strains into the host
(8). A simpler example of the differences that can arise in the pattern of the
immune response to live vs. inactivated vaccines is seen in the various sero-
logic studies carried out following immunization against measles. This has
been done with live attenuated ‘‘Edmonston B’ strain vaccine, with the same
vaccine plus measles immune globulin, with multiple doses of killed measles
vaccine, with one or more doses of killed vaccine followed by live attenuated
vaccine, with the further attenuated ‘‘Schwarz’ strain of live vaccine, etc. A
recent study by Krugman et al. (9) demonstrates that the serologic response
to the Edmonston B strain vaccine, as measured by the long-lasting HI or
neutralizing antibodies, shows scarcely more than a fourfold drop from peak
titer, even after four years have passed. By contrast, Rauh & Schmidt’s sub-
jects, injected with three doses of killed measles vaccine at one-month inter-
vals, showed not only a considerably lower peak titer but what appears to be
arelatively greater drop in titer with time (10). Krugman et al. (9) also ob-
served that the level of the antibody response fell off more rapidly after in-
jection of live vaccine if preceded by two doses of killed vaccine. Similarly,
varying degrees of accelerated decline in the antibody level with time were
seen if gamma globulin was given simultaneously with either Edmonston B
or ‘“‘further attenuated’ live vaccine. These findings would be consistent with
the supposition that the nature, extent, and duration of an immune response
are largely dependent upon the mass of the initial antigenic stimulus, the se-
quence of succeeding stimuli, and the presence and concentration of antibody
during the various stages of the response. However, other studies have shown
that measles virus invasion can occur in the presence of significant levels of
measles neutralizing antibodies induced by immunization with killed vaccine,
whereas very low titers of antibody induced by natural infection or with in-
jection of live vaccine appear to prevent invasion by the measles virus (11).
Thus, there may be qualitative as well as quantitative differences in the re-
sponses to killed vs. live vaccines.

THE INITIAL OR PRIMARY IMMUNE RESPONSE

Studies on the immune response using live antigens cannot be made
quantitative, since the amount and duration of the multiplication of the
agent are difficult to determine and even more difficult to control. Therefore
precise studies of the immune response have generally been carried out with
the use of nonviable antigenic substances—usually a relatively “pure’’ anti-
gen such as bovine serum albumin, bovine gamma globulin, diphtheria
toxoid, tetanus toxoid, etc. Within a few hours after the first injection of such
an antigen, demonstrable antibody formation may have begun (12, 13), and
the steps preceding this manifestation must clearly have begun even earlier.
Fishman (14) has provided evidence that the initial step is phagocytosis of
the antigen. A cell-free homogenate of phagocytes, prepared after they were
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incubated with the antigen, was capable of stimulating plasmacytic cells to
form the corresponding antibody. The activity resided in the RNA fraction,
and ribonuclease treatment of the homogenate rendered it ineffective (14,
15). This does not necessarily mean that the antibody-forming stimulus at
this point is mediated by a messenger-type RNA, for Askonas & Rhoades (16)
have found traces of antigen present in such extracts, and they suggest that
RNA may simply enhance the uptake of antigenic material (whatever that
may be at this stage) by the relevant cells. Although some studies suggest
that more than one “relevant’ cell type may be involved, this question will
be difficult to answer until more general agreement is reached on the relation-
ship between the various mononuclear cells that have been implicated, the
terminology to be employed, and the parallelism of observations made from
divergent starting points and with divergent techniques. The complexity of
the problem is well brought out in Yoffey’s review on “The Lymphocyte”
17).

The first serologic response to a protein antigen (12, 13, 18, 19) appears to
be the formation of a large macroglobulin, with a sedimentation constant of
about 19S, formerly called ‘“‘gamma 1-M” or ‘‘beta 2-M,” now generally
known as gamma-M globulin or IGM (20). The formation of IGM proceeds
actively for several days and then appears to subside almost as fast asit de-
veloped. It appears from the observations of Jerne et al. (21), Koros et al.
(22), and many others that the antibody-forming cells proliferate vigorously
in the first few days following antigenic stimulus. The extent of this response
is related—as one might expect—to the number of such cells activated (23)
and the extent of their proliferation which may perhaps be, under some cir-
cumstances, as great as 1000-fold (21).

Meanwhile, if the antigenic stimulus was sufficient, another, smaller type
of antibody globulin appears, with a 7S sedimentation constant and known as
gamma-G globulin, IGG, or formerly gamma 2-globulin (20). Production of
IGG is sustained for a relatively long period of time. However, with small
doses of antigen, only the IGM type of response may be induced (12; 13) and
successive small doses of antigen, at suitable intervals, may induce successive
similar transient IGM responses (24). The antigen dose required for the in-
duction of IGG was, in Svehag’s system, about 50 times that which sufficed
to induce IGM antibody.

Essentially similar patterns have been observed following experimental
infections (25). On the other hand, the response to the injection of lipopoly-
saccharide antigens consists essentially of IGM (18), which remains pre-
dominant even after repeated antigenic stimuli (26). It has been reported
that such antibody responses (19) as well as those to Vi antigen (27) or pneu-
mococcus carbohydrates (28) remain at high levels for many months. Others
have not observed such a sustained response (29). However, it is difficult to
determine whether sustained responses to this class of antigens are actually
primary in nature. The difference between these two patterns of response has
intrigued many investigators, and may have more than academicimportance.
On the one hand, IGM participates much more efficiently than IGG in the
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immune hemolysis of erythrocytes (30); indeed, the relative efficiency of
IGM in this respect is on the order of 750-fold (31), and a comparable differ-
ence has been observed with respect to immune opsonization of bacteria (32).
On the other hand, IGM appears to be very much less efficient than IGG in
neutralizing diphtheria toxin (33). Thus, the differences in the behavior of
IGM and IGG antibodies may bear not only on the measurement of anti-
body responsesbut on the clinical significance of immunization procedures.

The production of IGG appears to have a suppressive effect on the pro-
duction of the corresponding IGM (34, 35, 36). In addition to this immuno-
specific mechanism there appears to be a broader feedback system whereby
increased levels of each type of gamma globulin lead to accelerated catabo-
lism of that type (37). Thus, the formation of gamma globulins may well be
subject to one or more mechanisms of homeostatic control.

NATURE OF THE ANTIGEN

Most vaccines, as now employed, contain many antigens, of which only
one, or at the most a few, may be essential for the protective immunity de-
sired. In a few instances protein antigens (e.g., diphtheria and tetanus toxins
and toxoids), polysaccharide antigens (e.g., several of the pneumococcus
capsular substances), and lipopolysaccharide antigens (e.g., the cell wall or
Q" antigen of the typhoid bacillus) have been isolated and characterized to a
greater or lesser extent as purified entities. From the point of view of immuni-
zation, the central issue in each case is: what makes an antigen immunogenic?
A vast amount of work on the polysaccharide and lipopolysaccharide antigens
has led in many instances to identification of the structural portion of the
molecule which determines its antigenicity. For polypeptide and protein
molecules, the problem has proved more difficult, and is being approached
with more promise of success through the synthesis of artificial polyamino-
acid antigens. Several recent reviews cover this highly specialized subject
well (38, 39, 40). It appears that not only the number but the variety, the
internal structural relations, and the specific identity of the amino acids in-
corporated into a polypeptide antigen have a major influence on its ‘‘anti-
genicity.” Meanwhile, the reasons for the differences between natural anti-
gens such as diphtheria and tetanus toxoids—the latter being apparently
much the more efficient of the two in terms of antibody produced per micro-
gram of antigen injected—remain unexplained but nevertheless important in
designing immunization reagents and procedures.

AMOUNT OF ANTIGEN

Many years ago, Smith & St. John-Brooks (41) showed that a clear
mathematical relation could be established between antigen dose and peak
response obtained, and pointed out that their mathematical expression was
similar to the so-called Freundlich adsorption isotherm equation. A decade
ago Stevens revived this finding (42), tested it against thirteen sets of pub-
lished data on presumably primary immunization of man or animals, and
five sets of data on the secondary response. The equation gave a good fit, and
other sets of data have subsequently been fitted to this logarithmic straight-
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line equation (43). Although the aberrant dose-response curves published by
Stille (44), together with some analyses of existing data by Gottlieb et al.
(45), raise some doubts as to the extent to which the “‘straight line’’ assump-
tion should be accepted, neither set of observations in any degree alters the
fact that the amount of antigen employed plays a major role in determining
the extent of the immune response.

Whether this dose-response relationship is more significant for the pri-
mary than the secondary response is not clearly settled. Ipsen’s findings (46)
suggested that the dependence of response on dose was greater in the primary
than in the second-dose response in man. However, the data assembled by
Stevens (42, 43) as well as the experimental findings of Uhr, Finkelstein &
Baumann (13) do not indicate a significant difference in this respect. On the
other hand, it is clear as noted above (12, 13) that a certain ‘‘threshold”
amount of antigen must be incorporated in the primary immunizing dose, or
else the reaction to the next dose will be in essence another primary response.
What this ‘“‘threshold’ is will, of course, vary from antigen to antigen. The
small amounts of antigen in the usual Salk vaccine (47), comparable on a
weight basis to 1 Lf or less of diphtheria or tetanus toxoid, may have re-
flected such a marginal level. Schluederberg’s observation (48) that, after a
second dose of killed measles vaccine one frequently sees a 19S (IGM) re-
sponse, is probably another instance of marginal antigenic mass.

STATE OF AGGREGATION OF THE ANTIGEN

Winebright & Fitch (49, 50) showed that flagella particulates or intact
flagella of Salmonella typhimurium induced a more rapid antibody rise (ir-
respective of the route of injection) than was seen with soluble flagellar anti-
gen, and Gamble (51) likewise showed that aggregated human gamma globu-
lin was more immunogenic than its monomeric form. Indeed, Dresser (52),
confirmed by Claman (53), has shown that certain antigens may be antigenic
in the aggregated form but may actually induce the reverse response—im-
munologic tolerance or ‘‘immunoparalysis’’—if injected, even in small quan-
tities, in the soluble, nonaggregated form. These findings doubtless shed light
on the reported low antigenicity of highly purified diphtheria toxoid (54).

Other data supporting the assumption that aggregation of an antigen
favors its efficacy date from the old observation that diphtheria toxin, in
quantities insufficient to be antigenic by itself, was markedly antigenic when
combined in optimal proportions with diphtheria antitoxin. More recent
findings such as those of Terres & Wolins (55) and of Segre & Kaeberle (56)
attest to the enhancing effect of traces of antibody, 4% vivo, in inducing prim-
ary antibody formation.

All of these observations can be tentatively reconciled with the concept
that aggregates of an antigen are more readily phagocytosed than the
antigen in solution, that phagocytosisis an essential step to antibody forma-
tion (or at least, to efficient antibody formation) and that the more antigenis
phagocytosed, the more antibody formation will result, other factors being
equal.



Annu. Rev. Med. 1966.17:39-39. Downloaded from www.annualreviews.org
Access provided by Yale University - Law Library on 02/02/15. For personal use only.

44 EDSALL

ADJUVANTS

Many chemically unrelated substances have been identified as immuno-
logical adjuvants—i.e., under suitable circumstances they enhance the im-
mune response. Three principal types of adjuvants concern us here: alumi-
num salts, water-in-oil emulsions, and endotoxins. The adjuvant effect of
aluminum salts has been known for nearly half a century. They have been
shown to enhance the primary immune response to toxoids somewhat in man
(57) and markedly in guinea pigs. In many other studies their usefulness in
enhancing various other antigens [e.g., poliomyelitis vaccine (58), pertussis
vaccine (59))], has been established. This effect may well be—as seen with
tetanus toxoid in Eckmann’s studies (60)—based primarily on the enhance-
ment achieved by alum with the initial dose. It is easy to assume that the ad-
juvant effect of aluminum salts is due to their enhancing effect on phagocy-
tosis of the antigen; but this assumption remains to be proved. Furthermore,
there is little evidence that aluminum salts enhance the immunogenicity of
polysaccharide antigens.

Water-in-oil emulsions (e.g., the so-called “incomplete Freund ad-
juvant”) greatly enhance the primary immune response, both in titer and in
persistence of high antibody levels. Such emulsions, the efficacy of which was
pointed out over 20 years ago (61), do not apparently alter the rate of pri- -
mary antibody formation, but they induce a more prolonged and hence much
higher rise in titer (62, 63). In addition, these high titers generally persist for

.exceptionally long periods of time, in contrast to the early asymptotic decline

of antibody levels after injection of the same antigen in the usual fluid state.
An interesting comparison of the responses to fluid, aluminum salt-ad-
sorbed, and water-in-oil emulsified antigens has recently been completed by
MacLennan et al. (64) who studied the response to tetanus toxoid prepared,
in the three ways indicated, from the same batch and in the same amount per

.dose. Two doses of the aluminum preparation induced about twice the

average peak response, and five to ten times the one-year level, as com-
pared with three doses of the fluid toxoid; a single dose of emulsified toxoid
not only gave a peak titer higher than that seen with the aluminum prepa-

-ration, but induced a level one year later which was 20 to 30 times higher

than that found after the injection of three doses of fluid toxoid.
The mechanism of the enhancement of antigenicity by water-in-oil emul-

.sions is not clear, especially since this procedure also offers no detectable ad-

vantage with polysaccharide antigens. It has been suggested that it mobilizes
phagocytes to the site of antigen deposition, and that it leads to prolonged
retention of antigen at the various sites where the antigen-containing emul-
ssion is ultimately deposited. Regardless of the mechanism involved, itis clear
from the demonstrated long persistence of antigen, that the stimulus pro-
wvided by this technique is not a pure ‘‘primary”’ stimulus but a complex of
primary, secondary, and perhaps recurring primary stimuli. Thus, the place
of the water-in-oil technique in immunization procedures is technically not
easy to define.

Controversy still surrounds the practical application of the water-in-oil
‘technique in man. Although Beebe et al. (65) found no evidence of long-term
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side effects attributable to the use of water-in-oil influenza vaccines in sev-
eral thousand United States military recruits, and a Medical Research Coun-
cil study (66) found a similar vaccine acceptable and antigenically very ef-
fective in a civilian population of varied ages, nevertheless, several unpub-
lished reports indicate that unforeseen high reaction rates occur from time to
time with such preparations, perhaps especially when used with bacterial
vaccines.® Therefore each proposed application of this technique needs to be
individually and critically studied before its acceptability can be clearly
estimated.

Endotoxins.—Endotoxic substances appear to have an adjuvant effect of a
fundamentally different nature. A decade ago Johnson et al. (67) showed that
the “O” or ‘“‘cell wall”’ antigen of Salmonella (yphosa—a typical and classic
endotoxic substance—enhanced the response to a protein (but not to a lipo-
polysaccharide) antigen when injected at more or less the same time as the
antigen. This apparently explains the long recognized enhancement of the
antibody response to a toxoid if it is given as a mixture with typhoid vaccine
(68) or pertussis vaccine (69). Zweifach & Janoff (70) and Johnson (71) have
reviewed the complicated factors underlying this adjuvant system, including
its limitations. Several studies on the adjuvant mechanism point to the con-
clusion that it depends on the liberation of nucleic acid breakdown products
(72, 73, 74). Merritt & Johnson (75) have shown that the empirical effect on
antibody formation is apparently to shorten the induction period; however,
the mechanism whereby the onset of detectable antibody formation is thus
accelerated remains a matter of speculation (74).

THE SECONDARY OR BOOSTER RESPONSE

When protein antigen is administered in sufficient quantity to produce
IGG, as noted above, it alters the reaction of the host to that antigen, so that
a subsequent injection of the antigen will induce an antibody rise consisting
almost entirely of IGG, and the peak level reached (given the same antigen
dose) will be higher and sometimes earlier than after the primary response.
The level will fall rapidly thereafter, but will approach an asymptote at a
higher level than existed prior to the second dose of antigen. This is the typ-
ical “booster”’ response, seen in innumerable studies with toxoids in man, or
with variousprotein antigensin rabbits, etc. Thisresponseappears to depend
on theretention of whatis conveniently called ‘immunological memory,’ ap-
parently by descendants of cells that were involved in the IGG response af ter
the first contact with the antigen in question.

When a secondary response is initiated, mitosis takes place in those
lymphatic plasmacytes which are apparently both the descendants of the
primary-response cells, and the precursors of the mature cells producing IGG
in the full-blown secondary response. Mitosis continues—in the rabbit, for
example-—at a peak rate which may be as great as every six to seven hours,
for about eight generations, after which it terminates almost as abruptly as it

3 A striking example of such reactions has recently been reported following the
use of a water-in-oil emulsion of cholera vaccine (Philippine Cholera Committee,
Bull. World Health Organ., 32, 603-25, 1965).
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began (76). Thus, the antibody-forming potential, following a secondary re-
sponse, may increase well over 100-fold in a few days. Allowing for the many
variables that must affect the outcome, this figure is not inconsistent with the
finding of Gottlieb et al. (77) that the tetanus booster response in man cen-
tered around a general rise of about 70-fold, but varying in accordance with
several other influencing factors. The secondary response to lipopolysac-
charide cell wall antigens has not been studied in as much detail. As noted
above, lipopolysaccharide antigens induce antibody responses almost en-
tirely of the IGM type. Only with repeated inoculations does a small amount
of IGG antibody develop (26, 78). What this signifies for immunization prep-
arations or practices is not yet clearly definable; however, the long duration
of the immune responses to pneumococcus carbohydrates (28) or Vi antigen
(27) suggests that for some immunization procedures the booster mechanism
may play a relatively minor role. The growing evidence (2, 3, 5) that single
doses of typhoid vaccine appear to give a high and relatively durable level of
protection against typhoid fever may conceivably prove to be a related
phenomenon. :

The secondary response is apparently enhanced by adjuvants, although
perhaps less than is the case for the primary response (60, 62). Eckmann
found that the use of aluminum salts as an adjuvant for a primary injection
of tetanus toxoid greatly enhanced the subsequent secondary response to
either form of the antigen.

The timing of secondary doses of antigen appears to be critical with re-
spect to the minimum interval, whereas there is no clear evidence for the
existence of a maximum effective interval. Many years ago Carlinfanti {79)
showed that successive daily injections of antigen were more efficient than
the same amount of antigen given as a single dose. However, numerous sero-
logical studies in man support the general belief that for most antigens the
response will be impaired if the interval between doses is less than about
three to four weeks; there are no precise data applicable to this effect in man.
Fecsik, Butler & Coons (80) showed an increase in the response of mice to a
second dose of diphtheria toxoid as the interval increased from 10 to 40 days,
and no further enhancement with intervals up to 180 days.

Within a narrower time range Brown et al. (81) found, in three compari-
sons of one- vs. two-month intervals between injections of DPT-Polio vac-
cine, that the response to the longer interval was invariably superior.

MAINTENANCE OF IMMUNITY

Following most immunization procedures, the measurable antibody level
falls slowly, generally toward an asymptotic level which varies from one in-
dividual to the next. In a number of instancesit has been shown that clinical
susceptibility develops more or less in parallel to this fall in serologic im-
munity. Therefore periodic ‘‘booster’’ doses have been employed with essen-
tially all immunization procedures. The earlier tendency to schedule booster
doses at relatively short intervals has been subject to progressive revision, as
evidence accumulated that the antibody level either fell off extremely slowly
in later years (77) or in some cases appeared to remain unchanged for years
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after the initial post-booster drop (82). Furthermore, the capability of re-
sponding to a secondary antigenic stimulus has been demonstrated to last for
over 20 years with tetanus toxoid (77), 25 or more years with rabies vaccine
(83), over 10 years with typhoid vaccine (84), and over 15 years with yellow
fever vaccine (835). In fact, such long persistence of immunological memory
appears to have been found wherever it has been sought.
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