Ontogeny of the Immune Response

The development of immunologic responses by the
fetus has interesting pathobiologic implications.

With the exception of some rudi-
mentary metabolic processes, the ferti-
lized ovum is probably incapable of
any specialized activity other than cell
division. Continued proliferation from
this simple beginning leads to the dif-
ferentiation of cells, organs, and sys-
tems capable of every form of special-
ized biologic function. Before a given
stage of development, the organism is
unable to perform certain of these
functions. As in other systems, a
knowledge of the time at which im-
munologic competence develops, of the
cells and organs concerned with that
development, and of the relation to oth-
er concurrent biologic events cannot
fail to shed light on its basic nature
and significance.

I shall not attempt a comprehensive
review of the extensive data in this
field (Z). Rather, I shall restrict the
discussion to certain aspects of fetal
immune responses and how they seem
to grow. The data will be examined
in relation to current theories of im-
munologic function, with emphasis on
those peculiarities of the response that
do not appear to accord well with
theory.

It will become clear that maturation
by the mammalian fetus of a function-
ing immunologic apparatus may lead to
a number of extremely curious events
of general biologic interest. These con-
cern the well-being of the fetus itself
and also the relation of the fetus to
its mother. The development of im-
munologic competence not only fur-
nishes the maturing animal with an im-
pressive mechanism for defense against
infection, but it may also provide the
very basis for the development of dis-
ease as well.

The author is chief of the Immunobiology
Branch, Armed Forces Institute of Pathology,
Washington, D.C. This paper was presented in
part at an Interdisciplinary Symposium on De-
velopmental Aspects of Immunology at the
annual meeting of the American Association for
the Advancement of Science, Cleveland, De-
cember 1963,
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Immunologic Tolerance

Any discussion of the ontogeny of
the immune response must include an
outline of the nature and implications
of immunologic tolerance, since this
condition is so intimately related to the
response not only of the developing or-
ganism, but also to its maturing cell
systems. Extensive reviews on immu-
nologic tolerance have recently ap-
peared (2), and only the pertinent fac-
tors will be examined here.

One of the longstanding points of
dogma in immunology has been that
the body would respond immunologi-
cally only to antigens foreign to it-
self, and not to native substances. This
rule was embodied in immunologic
scripture by Paul Ehrlich in the term
horror autotoxicus and, with only a
few exceptions, stands firmly to this
day (3). For reasons not well under-
stood, the organism is able to distin-
guish between native and foreign anti-
gens, tolerating endogenous substances
and developing a variety of specific re-
sponses to those from outside the body.

In 1945, Owen (4) made the star-
tling observation that certain nonidenti-
cal twin calves might each have two
completely different sets of red cell an-
tigens, its own and that of its twin.
Such animals are called erythrocyte
mosaics or chimeras. Owen correctly
assumed this mosaic state to result from
the establishment of vascular connec-
tions between the twins in the uterus,
with a subsequent exchange of hema-
topoietic elements which conferred
upon each animal a persisting source
of production of its twin’s red cells.
But why did each calf not form anti-
bodies against the foreign red cells of
its sibling, as it would certainly have
done had they been introduced after
birth rather than before? This ques-
tion was answered with remarkable in-
sight by Burnet and Fenner (5), who
suggested that before the maturation of

its immunologic mechanisms, the fetus
exists in an immunologic “null” state,
unable to respond to any antigenic
stimulus. With the acquisition of com-
petence, the maturing -organism was
thought to develop a recognition mech-
anism whereby all antigens present
at this critical time were acknowledged

-as “‘self-antigens,” unable thenceforth

to stimulate an immune response. Anti-
gens arriving on the scene after this
supposed cataloging would then appear
to be foreign and thus be capable of
stimulating the immunologic apparatus.
Pursuing this line of reasoning, Burnet
and Fenner postulated that a foreign
antigen, introduced artificially into the
developing animal, would be accepted
and tolerated as “self” along with the
native antigens already present.

This forecast was soon shown to be
correct. The «calf “chimeras” were
shown to accept skin grafts from the
respective twins without the interven-
tion of the usual immunologic graft re-
jection process, indicating that each of
the fraternal twins had become toler-
ant of the other’s transplantation anti-
gens. Within the past decade, a great
variety of antigens, both living and
dead, have been shown to be capable
of inducing tolerance in the develop-
ing young of many species. In some
species, tolerance could only be in-
voked in the fetus; in others, tolerance
could be established well into the neo-
natal period.

Burnet and others (6) advanced fur-
ther suggestions concerning the nature
of the relation between immunologic
tolerance and the maturation of im-
munologic competence in the develop-
ing young. They proposed that im-
munologic maturation occurs with the
appearance in the young animal of
clones of cells that are able to syn-
thesize specific antibody under genetic
control. Antigen was supposed to “se-
lect” cells with the appropriate speci-
ficities by stimulating them to prolifera-
tion and protein (antibody) formation.
Tolerance, on the other hand, was sup-
posed to result from the specific de-
struction of appropriate clones by an-
tigen during a critical stage of their
maturation. But it was soon noted that
perpetuation of the tolerant state re-
quires a persistence of antigen in the
animal (2). If adequate amounts of the
tolerated antigen were not maintained,
then the animal would regain its ca-
pacity to form antibodies against the
previously tolerated antigen. Fven more
perplexing were observations that the
administration of massive doses of cer-
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Table 1. Earliest appearance of immunologic
activity against different antigens in the fetal
and neonatal lambs.

Ges- New-
Antigen tation born
age* age
(days) (days)
Bacteriophage X174 < 41
Ferritin 66
Homograft rejection 85
Egg albumin 125
Salmonella typhosa > 42+
Diphtheria toxoid > 427
BCG > 427

% The ages given represent the earliest detected
response. In each instance, the antigenic stimulus
had been given earlicr, so that active response
must have commenced some days before it was
detected. t At the time that the study was
discontinued 6 weeks after birth, antibody re-
sponse to these antigens had not yet appeared.
Adult sheep, however, were found to respond
to each of them satisfactorily,

tain antigens into mature adults might
result in the development of a state
of tolerance analogous to that observed
in young animals.

Treatment of the immunologically
mature animal with x-rays or immuno-
suppressive drugs such as 6-mercapto-
purine may also set the stage for the
relatively easy establishment of toler-
ance (2). Since such treatment is
known to damage immunologically ma-
ture cells, the effect may be, in a sense,
to induce a reversion akin to the prim-
itive fetal state wherein immature cells
newly emerging are more sensitive to
excesses of antigen. These considera-
tions, together with some other con-
sequences of immunologic tolerance for
the developing fetus, emphasize the
need for further clarification of the fac-
tors involved in immunogenesis.

Fetal Response to Antigen

The newborn of many species usual-
ly responds poorly, if at all, to a variety
of immunizing agents (7), while im-
munologic tolerance could be induced
after birth in such widely used experi-
mental animals as the mouse, rat, and
rabbit (2). Thus, it is not surprising
that the belief developed that all mam-
mals mature immunologically only at
or shortly after birth, and that this
maturation occurs as a discrete cellu-
lar development affecting the entire im-
munologic apparatus at once. In line
with this belief were the observations
(8) that human fetuses, for example,
had only very immature lymphoid tis-
sue and did not form the plasma cells
that would signal the production of an-
tibodies.

1424

However, many responses appear
only after a suitable stimulus, and the
mammalian fetus is normally well pro-
tected from exogenous stimuli by the
efficient placenta. Should the placenta
allow passage to the fetus of pathogenic
organisms, then such diseases as con-
genital syphilis and congenital toxo-
plasmosis may occur, accompanied by
the stimulation of plasma cell differ-
entiation and undoubtedly antibody for-
mation (9). This sequence is supported
by studies on germ-free animals, reared
under sterile conditions. In this partial
extension of the protected fetal environ-
ment, these animals also are retarded
in their general lymphoid development
and in plasma cell formation (10).

The belief that the mammalian fetus

exists in an immunologic “null” state,

only slowly developing its capacities af-
ter birth, has slowly given way as evi-
dence to the contrary has been pre-
sented. In addition to the demonstration
of plasmacytosis in the human fetus,
premature children were found to form
antibodies and to develop delayed hy-
persensitivities (/7). The newborn rab-
bit, thought to be immunologically in-
competent prior to the third week of
life, forms antibodies against certain
antigens during this period even while
rendered tolerant of others (12). Even
at earlier stages of development, the
fetal calf in the uterus and the opos-
sum embryo in the pouch form anti-
bodies (I13) and the fetal guinea pig
develops delayed hypersensitivity (I4),
while the fetal lamb rejects skin homo-
grafts in a true immunologic manner
(15).

It would appear, therefore, that the
development of immunologic capabili-
ties is not keyed to the birth process,
and in fact may exhibit great varia-
tion among different species. There is
also evidence that immunogenesis in the
developing animal is not a single act
of maturation, but may occur as a slow
and perhaps stepwise process. Since
there are more data on the response of
the fetal lamb to antigenic stimuli than
for any other species, it may be uses
ful to outline these results in some de-
tail to emphasize the characteristics of
this maturation process and some of
the problems which the data pose.

Antibody Formation

After 150 days of gestation, the lamb
is born a relatively mature animal. It
has hair, can walk immediately, and is

not as dependent upon its mother as
are the newborns of some other spe-
cies. Most of this maturation takes place
during the final third of the gestation
period. Before this time, the lamb is
quite immature, and yet it is able to
form circulating antibodies in the uter-
us in response to intrafetal immuniza-
tion (Table 1). This response has been
observed in lambs immunized as early
as the 35th day of gestation and tested
for a response 6 days later. The ear-
liest age at which a fetus is able to
form antibodies has yet to be estab-
lished; it is technically quite difficult to
inject these small fetuses at an earlier
age. We may conclude that the ovine
fetus develops some degree of immu-
nologic maturity during the first third
of gestation, but probably not before
the 20th to 30th day of embryonic
life since mesenchymal differentiation
is minimal before this age.

The immunization of fetal lambs at
different ages with a wvariety of dif-
ferent antigens led to a surprising ob-
servation (Table 1). Some of these an-
tigens, such as diphtheria toxoid, Sal-
monella typhosa, and Bacillus Calmette-
Guérin (BCG) do not stimulate the
formation of detectable circulating an-
tibodies at any time during fetal life, or
even in the first weeks of extrauterine
life. Only relatively long after birth do
animals respond to these antigens in
the characteristic manner. On the oth-
er hand, the bacteriophage virus ¢$X174
stimulates active antibody formation in
the fetus at the earliest time thus far
injected—35 days gestation. Curious-
ly, the age of the fetus at the time
of phage immunization had no signi-
ficant effect upon the amount of anti-
body produced within a given period
of time. There was no question that
the antibodies observed in the blood
of these fetuses were of fetal rather
than maternal origin since y-globulins
are known not to cross the ovine pla-
centa, and in no instance did the moth-
er’s blood contain detectable antibody.

At the time that the fetus was able
to initiate antibody formation against
the bacteriophage virus, the fetus still
could not respond immunologically to
such protein antigens as ferritin and
egg albumin. At about the 65th to 70th
day of gestation the fetal lamb began
to produce antibody to ferritin, where-
as not until the 125th day of gestation
was the first antibody to egg albumin
detected in the fetus.

Thus immunologic maturation in the
fetus appears not to represent the
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achievement of competence by a single
general mechanism by which the fetus
thenceforth can respond to all antigens.
The mechanism seems rather to be a
slow stepwise development that allows
the fetus and newborn to respond first
to one, then to another, and ultimately
to all antigens. The basis for this anti-
genic hierarchy is at present not clear.
The difference may reflect the vary-
ing capacities of the several antigens
to penetrate the cells and stimulate the
immune mechanism, or it may truly
represent the maturation of the differ-
ent immunologic specificities at differ-
ent times. Possibly all immunologic ca-
pabilities mature early, but the enzyme
systems required to degrade each anti-
gen into a useful form (/6) might not
all appear simultaneously. Whatever the
explanation, it is clear that before a
given age, the immunologic mecha-
nism of the fetal lamb does not ap-
pear to recognize certain substances as
antigenic; after that time recognition oc-
curs, and a specific response ensues.

The first antibodies to appear in the
fetal circulation after immunization are
high-molecular-weight Ba-macroglobu-
lins, sensitive to the action of 2-
mercaptoethanol. Later, y-globulin anti-
body of lower molecular weight ap-
pears in the circulation. This sequence
is typical of the immune response of
both newborns and adults of many
species, and the subject is discussed in
detail by Uhr (/7). In the case of
the fetal lamb, there is some sugges-
tion that formation of 7§ +y-globulin
may appear later in the response than
in the case of adult animals.

A significant point about the exist-
ence of more than one type of anti-
body protein is the possibility that each
may be produced independently by a
different cell population. If this were
true, then the development of immuno-
logic capabilities in the fetus might im-
ply the maturation of several different
mechanisms rather than the maturation
of a single, unique response. This may
represent another situation in which
evolution has provided the organism
with several modes of response to a
given stimulus,

Homograft Rejection

The rejection of skin homografts is
widely recognized as a specific immu-
nologic process (78). Here too, the
fetal lamb demonstrates a competence
which seems to develop at a discrete
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time in gestation (79). Skin homo-
grafts applied to the fetus before ap-
proximately the 75th day of gestation
are accepted as though they were not
of foreign origin and they survive un-
molested by the recipient. After this
time, however, the fetus copes with
the homograft in the manner typical
of the adult sheep, rejecting it specif-
ically within 7 to 10 days. This is
true regardless of the origin of the
graft, whether from unrelated fetal or
adult sheep, or even from its own
mother.

The ability to reject a homograft
does not appear to develop slowly in
the fetal lamb. It seems almost to arise
fully formed. Either the fetus tolerates
the graft without any response, or it
proceeds to reject it with the rapidity
and competence of the adult animal.

In addition to valuable information
on the ontogenesis of the immune re-
sponse, experimental studies may simul-
taneously clarify some fundamental
problems in immunology. There has
been much debate about the nature of
the mechanism of homograft rejec-
tion. Whether the rejection of solid tis-
sue grafts is mediated by circulating an-
tibodies, or whether it is based upon
a cellular mechanism related to de-
layed hypersensitivity is unknown.

Since the fetal lamb has almost no
y-globulin in its blood, it has been pos-
sible to study the rejection of homo-
grafts in the presence of excess cir-
culating rabbit antibody to sheep y- and
Bax-globulins, without harm to the fetus
(15). In such a model system, -
globulin antibodies formed by the fetus
in its attempt to destroy the graft would
be neutralized in the circulation and
would thus be unavailable to partici-
pate in the rejection process. But de-
spite the presence of persisting anti-
bodies to ovine globulins, the fetus was
found to reject homografts as rapidly
and capably as control fetuses uninject-
ed with such antibodies. These data
strongly support the view that conven-
tional circulating antibody is not an ob-
ligatory participant in the rejection of
solid tissue homografts.

Fetal Lymphoid Development

The lymph nodes and spleen are
known to constitute the primary seat
of immunologic activity in the body.
Most immunologically competent cells
seem to arise in these tissues, and the
greater part of the circulating antibod-

ies that appear in response to immuni-
zation is formed in them. These tis-
sues also constitute the principal source
of those immunologically competent
cells that venture into the blood to
participate in immunogenic inflamma-
tory reactions elsewhere in the body.
The role of the thymus in the matura-
tion of lymphoid tissues and their im-
munologic capabilities has been re-
viewed by Miller (20), and therefore
will not be discussed here.

The maturation of lymphoid tissue
in the normal mammalian fetus is a
slow and protracted sequence (9, 19).
The unstimulated lymph nodes of the
younger fetus show primarily medul-
lary channels lined by endothelium, an
assortment of rather immature-appear-
ing mesenchymal cells, and only mini-
mal lymphopoiesis. There is little de-
marcation between cortex and medul-
la, and there is no follicular activity.
The tissue is only slowly populated by
lymphocytes as gestation continues, un-
til at birth there may be primary
lymphoid nodules, generally without the
formation of secondary follicles. Cells
identifiable as having immunologic func-
tion are not seen in these immature
nodes.

After birth there is an abrupt ac-
celeration of this development in the
normal animal, presumably in response
to the host of bacterial and other stimu-
li that come flooding in from its new
environment. The germ-free animal,
protected at least from living patho-
gens, is appreciably retarded in its
lymphoid development, since stimulus is

~ minimal. Thus the final stages of the

maturation process appear to require
a suitable stimulus. Whereas immunolo-
gic response may be observed morpho-
logically in the development of certain
types of cells and cell organizations,
the mere readiness to furnish an im-
mune response (immunologic compe-
tence) may offer no overt morphologic
indicators.

Should the placenta fail in its protec-
tive function, allowing infection of the
fetus, or should the fetus be artificially
immunized in utero, then stimulation of
lymphoid functions may occur. In both
the infected human fetus and the im-
munized fetal lamb, the stimulus to an-
tibody formation is accompanied by the
differentiation of plasma cells and by a
greater or lesser degree of precocious
lymphoid activity. There is increased
cellularity of the lymphoid tissue and
often the formation of secondary
follicles. But it must not be thought
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that these two developments in-
variably proceed hand in hand. Pro-
nounced plasmacytosis in a lymph node
that showed no other signs of preco-
cious lymphoid development is often
seen. Similarly, a highly activated
lymphoid tissue with mature reaction
centers can be seen in response to the
same congenital infectious process, with
no signs of plasmacytosis (9).

The possibility exists that these stim-
uli to lymphoid activity may have at
least two components, a nonspecific
lymphoid stimulant and an immunolog-
ically specific antigenic stimulus. The
antigenic stimulus would presumably be
responsible for the proliferation of im-
munologically competent cells and the
formation of antibody. The immunolog-
ically nonspecific component of the
stimulus may be operating when a
young fetus is immunized with a
Freund’s adjuvant containing antigens
to which the fetus cannot yet respond.
In this instance, there is an abrupt and
precocious maturation of lymphoid tis-
sue in the fetus, with the formation
of large amounts of 78 y-globulin lack-
ing in demonstrable antibody activity
—a possible contradiction to the idea
that all y-globulin represents specific
antibody for one or another antigen.
This “normal” y-globulin may in fact
represent the product of a more gen-
eral nonimmunologic lymphoid func-
tion, of which specific antibody may be
only a special case (21).

Some peculiarities in the lymphoid
response to homografts in the fetal
lamb (19) should be mentioned here.
When the animal responds immunolog-
ically to the foreign graft by rejection,
the lymph nodes draining the graft site
undergo a pronounced change, showing
extensive hyperplasia and the forma-
tion of large numbers of large pyroni-
nophilic lymphocytes and small lymph-
ocytes. But plasma cells do not ac-
company this lymphadenopathy and the
nodes, despite their immunologic hyper-
activity, do not form y-globulins to any
appreciable extent. These observations
lend additional support to the view that
homograft rejection is mediated by a
cellular mechanism, without the obliga-
tory participation of humoral antibody.

Immunogenic Disease

Discussions of disease caused by im-
munologic factors generally center on
either the common allergies such as
hay fever, asthma, and the like, or
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else on autoimmune diseases such as
hemolytic anemias, thyroiditis, allergic
encephalomyelitis, and similar condi-
tions resulting from the development of
immune responses to presumably native
antigens. There are several other dis-
ease processes. however, intimately as-
sociated with the process of immuno-
genesis in the fetus, that provide a new
insight into the role of immunobiologic
factors in the pathogenesis of disease.

Many disease processes cannot be ex-
plained adequately on the basis of the
direct effects of the pathogenic agent
on infected host tissues. Many patholo-
gic changes also reflect the active re-
sponse of the host in its contest with
the pathogen. I shall cite two examples
to illustrate that when the host for
some reason cannot respond to the
pathogenic organism, disease may not
ensue despite infestation with the patho-
gen. Thus, the response by the host
to infection may in some instances be
kindled by purely immunologic mecha-
nisms.

Lymphocytic choriomeningitis (LCM)
is a naturally occurring viral dis-
ease of mice. Innoculation of the
virus into normal laboratory mice pro-
duces a severe and often fatal illness.
This virus may persist in the blood and
tissues of certain mice, however, with-
out causing signs of disease, and the
disease cannot be evoked in these ani-
mals by injection of additional virus.
Mice that were infected but not
diseased have been shown to have re-
ceived the virus in utero from their
nonlethally infected mothers (22).
Thus, infection with virus during early
developmental stages seemed to render
the mouse thenceforth resistant to the
disease. To explain this curious phenom-
enon, Burnet and Fenner (5) suggest-
ed that immunologic tolerance of the
virus had occurred owing to the pres-
ence of this antigen during immunolo-
gic maturation. With the establishment
of tolerance and with a persistence of
the virus in the mouse, the virus would
never thereafter be able to induce an
immune response in the host.

A paradox is thus presented by the
lymphocytic choriomeningitis virus. We
are accustomed to consider that patho-
gens may ravage a host unable to de-
fend itself immunologically, and that
only a well-functioning immune system
offers protection against extensive dis-
ease induced by viral pathogens. Here
is a situation where inability to develop
an immune response to a viral patho-
gen appears to render that pathogen

innocuous, while the “proper” function
of the immunologic apparatus spells
disease for the host. The lymphocytic
choriomeningitis disease in mice, then,
would appear to be not so much a
*“viral disease” as an immunologic dis-
ease of the host, triggered by the virus.
The symptoms of this disease may rep-
resent nothing more than an immunolo-
gic reaction of the host to the viral
antigens (23).

The contributions of immune reac-
tions to lymphocytic choriomeningitis
disease are emphasized by the absence
of the disease process when immune
mechanisms are specifically suppressed.
Another instance where the host can-
not develop an immune response to an
antigenic pathogen is encountered in
the developing young, before its im-
munologic capabilities have matured. At
this stage the foreign antigen goes un-
recognized, presumably because com-
petent cells have not as yet appeared
on the scene.

In the case of human fetal infection
with German measles during the first
trimester of gestation, immunologic fac-
tors appear to be absent. The virus
seems to interfere directly with cellu-
lar metabolism and organ development,
resulting in congenital deformities. On
the other hand, transuterine infection
of the human fetus with Treponema
pallidum results in congenital syphilis
of the fetal host with an extensive in-
flammatory response. In this instance,
immunologic factors appear to partici-
pate, since the fetus forms plasma cells
as an integral part of its response to
this highly antigenic organism.

Congenital syphilis is usually not con-
sidered an “immunologic” disease, but
rather its lesions seem to include at
best a minor immunologic component.
But the typical disease is never seen
much before the 5th or 6th month of
gestation, the age at which the placenta
was first supposed capable of transmit-
ting treponemes from mother to fetus.
However, treponemes have been report-
ed in rare instances in younger fetuses
(24), but the typical pathologic picture
of the disease congenital syphilis was
lacking. The possibility exists that the
organism might infest and grow in the
fetus without eliciting a typical host re-
sponse, because the fetus at that age
is not yet capable of responding.

This situation might thus represent
another instance of a “pathogen” ap-
pearing to be innocuous and failing to
incite a disease process. The disease
proper, with its attendant lesions and
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embarrassment of the fetus, might only
appear when the fetal response mecha-
nisms become mature, presumably at
about 5 to 6 months gestation (9). The
rarity of a finding of fetal treponema-
tosis without overt disease is readily
understandable since in the absence of
active disease, the fetus would not pre-
cipitate abortion and would rarely be
seen. Also, in the absence of the overt
inflammatory lesions typical of congen-
ital syphilis the tissues would rarely be
searched for the presence of trepo-
nemes.

Both the instances discussed raise im-
portant questions about the nature of
pathogen-host interactions that result in
disease processes. They suggest also
that the ontogenesis of immunologic
capabilities in the developing young
may have its drawbacks as well as its
advantages.

Maternal-Fetal Relations

The acquisition of immunologic com-
petence by the human fetus and its in-
tra-uterine formation of antibodies may
have suicidal consequences. The close
proximity of the fetus to its mother
raises the question also of whether she
too might participate in some manner
in the general fetal response to infec-
tion.

The normal human fetus does not
form +-globulins. Any such proteins
found in the fetal circulation are of
maternal origin, since the human pla-
centa is permeable to a number of
these immuno-globulins (25). Only the
infected fetus, attempting to combat a
pathogen, is incited to an active for-
mation of ~-globulins on its own be-
half (9). It is probable that certain of
these fetal y-globulins would find their
way across the placenta into the ma-
ternal circulation, perhaps with conse-
quences for the fetus.

The y-globulins within a number of
mammalian species are not all identi-
cal, but may differ in antigenic struc-
ture from one individual to another
(26). The formation of these “allo-
typic” y-globulins is under a genetic
control similar to that which determines
the antigenic makeup of the animal’s
red cells. In the human, several such
y-globulin determinants have already
been described (26, 27).

When the human fetus produces pa-
ternally determined red cell antigens
(Rh, A, or B blood types) that are
lacking in the mother, it sometimes
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happens that these antigens cross the
placenta and induce an antibody re-~
sponse in the mother. The passage of
these maternal antibodies across the
placenta leads to an immunologic re-
action with, and destruction of, the fe-
tal red cells, causing the disease erythro-
blastosis fetalis. Here the fetus is not
actively engaged in an immune re-
sponse, but merely suffers passively
from the destructive effects of its
mother’s antibody on its own paternally
derived antigens.

In a similar way, a fetus might re-
spond to an infection with the forma-
tion of paternally determined y-globu-
lins with antigenic determinants not
shared by the mother. Crossing the
placenta, these proteins would elicit an
antibody response in the mother. Again
the maternal antibodies, finding their
way across the placenta to the fetal
circulation, might lead to an allergic
reaction in the fetus, in a manner anal-
ogous to that accompanying erythro-
blastosis fetalis. It is significant in this
respect that the placental pathology in
both erythroblastosis fetalis and con-
genital syphilis are so similar that they
are often confused (24). In neither case
has a satisfactory basis been provided
for the pathogenesis of the placental
lesions. In both instances, the placenta
would represent the first tissue in which
maternally derived antibody might re-
act with antigen from the fetal circula-
tion, giving rise to an allergic reaction
that would prove embarrassing to the
fetus.

Only an abnormal fetus, infected
with a pathogenic organism that had
stimulated its immunologic responses,
would actively form y-globulins before
birth. A maternal mechanism permit-
ting a destructive response to such
aberrant fetal activity would thus con-
stitute a significant contribution to the
maintenance of species integrity.

Summary

Three principal points emerge from
this brief examination of immunogen-
esis in the mammalian fetus. The first
is that the fetus of at least some species
may engage in immunologic responses
if suitably stimulated with antigen.
Whether maturation of immunologic
competence is merely the by-product
of some more general biologic develop-
ment or whether it constitutes a dis-
tinct biologic function of its own re-
mains to be established.

Second, the fetus does not appear
to develop its immunologic competence
simultaneously with respect to all anti-
gens. It recognizes and responds spe-
cifically to some of them very early in
gestation, to others only later, and to
several antigens only some time after
birth. The nature of this apparent step-
wise maturation is not clear, but its
existence poses interesting theoretical
questions.

Finally, the acquisition of immuno-
logic competence presents the fetus
with an efficient mechanism of defense
and, at the same time, with a discase-
producing mechanism. Certain organ-
isms may only cause discase when they
can stimulate an immune response. Im-
munologic nonreactivity to otherwise
pathogenic agents may render them
innocuous to the host.

The possibility that the mother
might also respond to antibody formed
by the fetus in a manner detrimental
to fetal well-being is another indication
of the broad pathobiologic implications
of the development of immunologic
responses by the mammalian fetus.
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Earth Science Today

Earth, air, fire, and water, the “ele-
ments” of the Aristotelian philos-
ophers, remain the foci of interest for
the modern devotees of Ge or Gaia,
Greek goddess of the earth, who gave
her name to the science of geology,
or, more broadly, earth science. It is
ironical that the Latin or “scientific”
term should have had to be translated
to its English or “vulgar” equivalent
to give the subject its present healthy
breadth. This happened because geol-
ogy as practiced up to the forties had
come pretty generally to imply specif-
ically the study of those parts of the
solid earth accessible to direct methods
of observation. The use of indirect
methods of observation to study the
solid earth became known as geophys-
ics, and the realms of air and water
were temporarily abdicated. Fire, in
the form of volcanology, remained in
the bosom of geology, but the prob-
lem of the sources and gradients of
terrestrial heat was shared with the
geophysicists. Geochemistry and pale-
ontology remained linked with the
mother science in the basic methodol-
ogy of direct observation, and usually
in name, although they have outside
affiliations and have had their separa-
tionist movements.

Why is it that we now see, all over
the world, not only a continued pro-
liferation of subdisciplines and special-
ties, but also an ever-increasing over-
lap of interest between fields once
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thought remote from one another, and
growing cohesive forces of the type
manifested by the increasing use of
earth science to include air and water
as well as earth and fire? This reflects
what I consider to be the most dis-
tinctive and stimulating feature of mod-
ern science as a whole—the renewed
realization, after a long period of isola-
tionism, that all forms of truth and
comprehension are interrelated, and
that all of science, whether pure or
applied, has a basic coherence under
the universal laws of physics and
mathematics, with chemistry and biol-
ogy as first-order derivatives. What
unites the earth sciences as an inde-
pendent affiliated grouping of derived
and integrating disciplines is their com-
mon interest in the structure, composi-
tion, dynamics, and history of the solar
system, and, in particular, the earth.
What is most characteristic philosophi-
cally, and most gratifying to me per-
sonally, about the earth sciences today
is their blending of the useful parts
of classical science with the most excit-
ing aspects of advancing science.
Obsolescence, if recognized, is the
surest sign of progress. It is manifested
in classical science by diminishing
productivity in ideas or useful appli-
cations of some area once at the fore-
front of advancing science. It is mani-
fested in advancing science by the dis-
covery that what once looked like the
mainstream or an important short cut
has proved on travel to be a bayou or
a blind alley, or by the simple exhaus-
tion of the new things that can be
discovered by a given technique. An-
other characteristic and healthy feature
of earth science in the modern world
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48, 914 (1962); M. Harboe, C. K. Oster-
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Med. 116, 719 (1962).
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is the rapid rate of obsolescence in both
classical and peripheral efforts. All of
the systematic sciences, and I use sys-
tematic in the broad sense of classi-
fying and explaining, are in a state of
ferment as new equipment, new mea-
surements, and improved computer
facilities provide different and in some
instances more fundamental bases for
classification and rapid quantitative
methods of evaluation—this is true,
not only of mineralogy but also of
paleontology and petrology. In geo-
chemistry and geophysics, once promis-
ing methods of investigation of geo-
logic age, geothermometry, and remote
sensing of physical properties are aban-
doned almost as regularly as new ones
are invented. We must expect both few-
er striking advances and fewer flat
failures in the remaining useful areas
of classical science, because so much
has been tried already, and both more
striking successes and a larger num-
ber of flat failures in advancing sci-
ence, because so much is new. It is
merely important to bear in mind that
a good balance of the two is neces-
sary—the new because the largest in-
dividual gains are likely to be made
here, the classical not only because it
provides the annealing matrix, the tem-
pering perspective, and the ultimate
base line against which advances in the
forefront fields are measured, but be-
cause it is here that most of the ques-
tions arise and here that many of them
will continue to be answered.

It is sobering to bear in mind also
that the current revolution in science
is based largely on, and probably could
not have happened without, the revolu-
tion in instrumentation born of mortal
conflict between nations. As hap-
pened after the invention of the
plain-light microscope, the Nicol prism,
and other important tools, the more
significant new things that can be
learned with this new instrumentation
will also tend to become mined out.
This makes our findings no less ex-
citing, but reminds us that the revolu-
tion can be sustained only in a frame-
work of continually advancing in-
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