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T
hirty-six years ago an article enti-
tled ÒAgammaglobulinemiaÓ ap-
peared in this magazine. One of

the authors was my father. In the piece,
he described an illness resulting from a
defect in the bodyÕs defenses against
infection, a failure in the immune sys-
temÕs mechanism for detecting patho-
gens. His work and that of Ogden Bru-
ton in identifying the Þrst known immu-
nodeÞciency disease helped to break a
path that has led to a deep and useful
understanding of how the immune sys-
tem recognizes and distinguishes the
molecules of the body from those of an
invading bacterium, virus or parasite.

People who have agammaglobulin-
emia cannot make antibody molecules.
These specialized proteins, found in
the blood and extracellular ßuid, nor-
mally bind to the bacteria or viruses
that cause infections and serve as a sig-
nal to the attacking molecules and cells
of the immune system. The ability of
molecules such as antibodies to identify
foreign molecules and so to guide the
bodyÕs defenses confers important ad-
vantages. It enables us to eliminate in-
fections, to resist reinfection and to be
protected by vaccination.

Some of these same mechanisms, un-
fortunately, can trigger disease instead
of controlling it. The immune system
might, for example, react to a harmless
foreign substance, such as pollen, pro-
ducing allergy. Events can take a more
serious turn when an immune attack fo-
cuses on the bodyÕs own tissues, leading
to an autoimmune disease. But wheth-
er they contribute to health or to dis-

ease, the mechanisms of recognition
and response are the same. Recogni-
tion mechanisms are therefore crucial
to understanding how the immune sys-
tem works and how it fails.

In this article, I shall describe the two
main systems by which the body iden-
tiÞes foreign material. The Þrst is the
innate immune systemÑinnate in the
sense that the body is born with the
ability to recognize certain microbes
immediately and to destroy them. The
second is the adaptive immune system,
in which antibodies play a leading role.
The receptors used in the adaptive im-
mune response are formed by piecing
together gene segments, like a patch-
work quilt. Each cell uses the available
pieces diÝerently to make a unique re-
ceptor, enabling the cells collectively to
recognize the infectious organisms con-
fronted during a lifetime. Understanding
the genes, molecules and cells that make
up the immune system has enabled
researchers to determine the etiology
of diseases, including agammaglobulin-
emia, and to start work on cures.

O
ur innate immune system can
destroy many pathogens on Þrst
encounter. An important com-

ponent of the innate response is a class
of blood proteins known as comple-
ment. Their name comes from their
ability to assist, or complement the ac-
tivity of, antibodies in Þghting infec-
tion. Discovered by the Belgian bacteri-
ologist Jules Bordet in 1900, comple-
ment can act in many ways. One type
of complement protein, when chemi-
cally stimulated, can bind to any pro-
teinÑthose on bacteria as well as those
on our own cells. The bound protein
triggers the activity of the other com-
plement molecules. These bound mole-
cules attract phagocytes, amoebalike
cells that engulf and digest microbes
wearing a complement coat. Comple-

ment can also kill cells and bacteria by
punching pores in their lipid membrane.
The holes allow water to rush in, a pro-
cess that destroys the cell. Complement
protects against such diseases as bac-
terial meningitis and gonorrhea.

Yet this powerful attack system does
not destroy our own cells. Unlike mi-
crobes, our cells are equipped with pro-
teins that inactivate complement. Thus,
at this simplest of levels, innate immu-
nity distinguishes the molecules that
make up the body, called self, from all
other molecules, or nonself.

Not all pathogens are so easily dis-
posed of by the complement system.
Some have devised ways of avoiding at-
tack by complement. The bacteria that
cause pneumonia and strep throat have
capsules, coats made up of long chains
of sugar molecules (polysaccharides).
These capsules prevent complement
from acting directly on the bacteria.

The innate immune system has two
ways of coping with these types of bac-
teria. First, throughout the tissues of the
body are the large phagocytes called
macrophages. Macrophages have recep-
tors for some of these polysaccharides,
and they use these receptors to bind to
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T CELLS (yellow), a kind of lymphocyte,
use special receptors on their surface to
detect an infected macrophage (blue).
These T cells represent only part of the
repertoire the immune system has to
recognize pathogens.
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and ingest bacteria. Second, macrophag-
es that meet bacteria can secrete inter-
leukin-6, a protein that in turn stimu-
lates the liver. Interleukin-6 instructs the
liver to secrete a new protein, one that
binds to sugar residues called mannose.
These residues protrude from the bac-
terial capsule. After this mannose-bind-
ing protein binds to the bacteria, it
changes its shape so that it activates
the complement cascade and turns on
phagocytes. In this way, mannose-bind-
ing protein tells the body which parti-
cles must be bound.

Innate immunity, however, cannot
protect against all infections. Microbes
evolve rapidly, enabling them to devise

means to evade the inherited immune
defenses of humans and other species
that evolve more slowly. To compen-
sate, vertebrates have a unique strategy
of immune recognition: adaptive immu-
nity. Adaptive immunity enables the body
to recognize and to respond to any mi-
crobe, even if it has never faced the in-
vader before.

Adaptive immunity operates by the
process of clonal selection, an idea for-
mulated in the 1950s by Sir Frank Mac-
farlane Burnet of the Walter and Eliza
Hall Institute of Medical Research in
Australia and now widely accepted. In
clonal selection, cells of the adaptive
immune system, known as B lympho-

cytes, or B cells for short, manufacture
antibodies and display them on the cell
surface. The antibody then serves as a
receptor. Each B cell makes a diÝerent
receptor, so that each recognizes a dif-
ferent foreign molecule. Armed with
these receptors, the B cells act as sen-
tries, always on the lookout for mi-
crobes. If a B cell Þnds such an intrud-
er, it divides rapidly. Because all the
daughter cells come from one parent,
they are known as a clone (hence the
term Òclonal selectionÓ). All the cells in
each clone have the same receptor.
These cloned B cells then differentiate
into cells that secrete antibodies, which,
like the B cell receptor, bind to the mi-
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COMPLEMENT ACTIVITY can be triggered in three ways. Com-
plement can act directly on bacteria (left), or it can be activat-
ed by mannose-binding protein (center ). Antibodies produced

as a result of infection can also activate complement (right).
Complement then kills the bacteria or recruits other immune
system cells, such as phagocytes.
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crobes. Once ßagged as foreign by the
antibodies, the microbes are removed
from the body by phagocytes and by
the complement system.

A critical question in understanding
adaptive immunity is how B lympho-
cytes generate so many diÝerent recep-
tors. More speciÞcally, how could the
millions of diÝerent receptors neces-
sary to recognize all microbes be en-
coded in a limited genome? A person
has only about 100,000 genes, but the
10 trillion B cells in an individual can
make more than 100 million distinct
antibody proteins at any one time. We
obviously cannot inherit the genes nec-
essary to specify all these proteins.

The answer was discovered in recent
years, as investigators identiÞed the
genes that encode antibodies and B cell
receptors. One key was discovered in
1976 by Susumu Tonegawa, then work-
ing at the Basel Institute for Immunolo-
gy. He showed that antibody genes are
inherited as gene fragments. These frag-
ments are joined together to form a
complete gene only in individual lym-
phocytes as they develop.

The joining process itself generates
still more diversity. In 1980 Fred Alt and
David Baltimore of the Massachusetts
Institute of Technology showed that
the enzymes that combine gene seg-
ments add random DNA bases to the
ends of the pieces being joined. As a
result, new genes, each encoding a pro-
tein chain, are formed. Further diversi-
ty results from the assembly of protein
chains into a complete receptor. Anti-
bodies are made from two pairs of pro-
tein chains: a heavy chain and a light
chain. The heavy chains are connected
to form a Y, with the light chains locat-
ed on the upper branches, alongside the
heavy chains. Each B cell produces just
one kind of light chain and one kind of
heavy chain, so that each B cell makes a
unique antibody receptor. In fact, 1,000
diÝerent chains of each type can in
theory form a million combinations. All
these random joining processes can
create more distinct antibody mole-
cules than there are B cells in the body.

As if these processes did not gener-
ate suÛcient diversity, the genes for
receptors of B lymphocytes mutate ex-
tremely rapidly when the B cell is acti-
vated by binding to a foreign substance
or antigen. These ÒhypermutationsÓ cre-
ate additional receptors. In eÝect, the
immune system is constantly experi-
menting with slight variations on suc-
cessful receptors in pursuit of an opti-
mal immune response.

Once a B lymphocyte binds antigen
to its receptor, it diÝerentiates and se-
cretes antibody moleculesÑa soluble
form of the receptorÑinto the plasma,

or ßuid component, of the blood. Be-
cause this new antibody is speciÞed by
the genes that created the receptor on
the original B cell, it has the identical
speciÞcity. But a B cell and its progeny
can produce a diÝerent kind of varia-
tion on the antibody molecule. It can
do this by altering the so-called con-
stant part of the heavy chain, again by
rearranging genes. This second type of
gene manipulation creates antibodies
that go to diÝerent places in the body.
These antibodies still recognize the
same antigens. After binding to a mi-
crobe, these antibody types can begin
the complement cascade, activate phago-
cytes or cause allergic reactions.

Adaptive immunity also is the source
of immunologic memory. That is, we
resist infections we have already expe-
rienced far more eÛciently and force-
fully than we do infections faced for the
Þrst time. We have this memory be-
cause the body retains lymphocytes
that responded in the initial infection.

These cells can be rapidly reactivated
when the same types of microbes enter
the body, and their antibody products
prevent a recurrence of the disease. ( In
contrast, the innate system does not
discriminate one microbe from another
and so aÝords neither more nor less
protection after an infection.)

The beneÞts of adaptive immunity
are partially oÝset by two drawbacks.
First, it takes more than Þve days to
develop an antibody response, given
that the B cells need to proliferate and
differentiate before they can make an-
tibodies. The body must rely on the in-
nate immune system to hold infections
in check during this period. Second, be-
cause any large molecule, such as a
protein or a polysaccharide, can be rec-
ognized by an antibody, the adaptive
immune system on occasion makes an-
tibodies against the bodyÕs own cells.
These antibodies activate complement
so eÛciently that the system that pre-
vents complement from attacking the
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ANTIBODY MOLECULE is made up of a pair of heavy chains and a pair of light
chains. The chains are encoded by genes that consist of diÝerent DNA segments.
These segments rearrange to make genes for chains that are diÝerent in each B
cell. The joining is variable, so that only a few gene segments generate the esti-
mated 100 million distinct antibodies the body is capable of producing.
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bodyÕs cells is overwhelmed. Autoim-
mune disease is the result. The attack
on self is normally avoided through tol-
erance, a process that eliminates self-
reactive cells [see ÒHow the Immune Sys-
tem Recognizes the Body,Ó by Philippa
Marrack and John W. Kappler, page 80].

D
espite these drawbacks, the strat-
egy of rearranging genes in adap-
tive immunity has put in place

an ingenious protection system. How
could such an elaborate process emerge
in vertebrates, and how did it become
the keystone in adaptive immunity? As
with all evolutionary issues, this ques-
tion can be answered only in terms of
models and not with certainty. Never-
theless, our knowledge of receptors does
suggest a plausible scenario.

An important clue lies in the fact that
all immunologic receptors are built
from similar blocks of protein. Each
block is encoded in a chunk of DNA
known as an exon, or coding sequence.
Exons are divided by introns, noncod-
ing DNA that is transcribed into RNA
and then later removed by the process
of RNA splicing. As a result, the coding
blocks form a continuous message.

Each protein component of an anti-
body has a structure called the immuno-
globulin fold. This general structure is
used in many proteins besides antibod-
ies; it forms a compact domain of pro-
tein comprising strands of amino acids
that lie side by side. In antibodies, these
domains form the heavy and light chains,
connected by a couple of sulfur atoms,
a disulÞde bond.

Immunoglobulin domains are of two
types, called V for variable and C for
constant. The V domains in antibodies
pair to make the site that recognizes
antigens. They are followed by pairs of
C domains that mediate function in the
molecule, such as complement binding.
The V domains consist of partial genes:
a V gene segment, a J (for joining) seg-
ment and sometimes also a D (for di-
versity) gene segment. The unique vari-
ability of V domains results from gene
rearrangement, which generates the di-
versity of receptors in humans.

Some proteins, however, have do-
mains that resemble the V domains of
antibodies but are not produced by
gene rearrangement. In these proteins,
a single exon speciÞes the entire V do-
main. An example of one such protein
is the CD4 molecule, which plays a role
in immune recognition and is also the
target of the AIDS virus. Such intact V
genes are in fact found in some primi-
tive vertebrate antibody genes as well.

Our rearranging antibody V genes
likely evolved from these intact V genes.
Gene rearrangement could have aris-

en when a mobile bit of DNA, called a
transposon, was inserted into an intact
V exon. This insertion split the V exon.
Split genes are inactive; they could man-
ufacture antibodies only once the inter-
vening transposon is removed and the
gene segments are joined to re-form
the intact exon. Just such a removal
mechanism exists in our bodies when B
lymphocytes generate their receptors.
Thus, V gene rearrangement does more
than generate diversity in antibodies. It
is also crucial in forming the genes that
encode antibody proteins. Without re-
arrangement, no protein can be made
from these genes.

Gene rearrangement has proved to
be such a powerful means of express-
ing just one of many related genes that
at least one pathogen uses it to avoid
detection by the immune system. The
trypanosome, a protozoan parasite that
causes sleeping sickness, has a single
protein in its coat against which the in-
fected host makes antibodies. These
antibodies eliminate most of the try-
panosomes, but a few of the parasites
change their coats by rearranging the
coat protein gene. These variant trypan-
osomes escape detection by the Þrst
onslaught of antibodies and continue
to grow. The host makes antibody to
each variant, but new forms keep aris-
ing and growing, causing a relapsing
pattern of infection. Here, as in the
case of immunologic receptors, rear-
rangement controls gene expression.

S
o far we have discussed how the
innate immune system, which re-
lies on inherited recognition mol-

ecules, and the adaptive system, which
relies on gene rearrangement to gener-
ate novel receptors in lymphocytes,
work together to identify microbes. This
dual approach is successful only against
pathogens in the bodyÕs ßuids. Many
microbes slip inside the bodyÕs cells be-
fore antibodies can be made. As water-
soluble proteins, antibodies can perme-
ate the extracellular ßuid and blood, but
they cannot venture across the lipid
membranes of cells.

Consequently, the immune system
has evolved a special mechanism to de-
tect infections within cells. This mecha-
nism acts in two steps. First, it Þnds a
way to signal to the body that certain
cells have been infected. Next, it mobi-
lizes cells speciÞcally designed to rec-
ognize these infected cells and to elim-
inate the infection.

The initial step, signaling that a cell
is infected, is accomplished by special
molecules that deliver pieces of the mi-
crobe to the surface of the infected cell.
These molecules, which are synthesized
in the endoplasmic reticulum of cells,

bind to peptides, small fragments of
protein that have been degraded inside
the cell. After binding to peptides, these
transporter molecules migrate to the
cell surface.

These transporters are proteins of
the major histocompatibility complex
(MHC) of genes. They were discovered
by the late British geneticist Peter Gor-
er and by George D. Snell of Jackson
Laboratory in Bar Harbor, Me., as the
cause of graft rejection; hence their
long-winded name, derived from the
Greek word for tissues (histo) and the
ability to get along (compatibility). These
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iral proteins produced by an infect-
ed cell (1) are broken down into

peptides (2). The peptides are taken to
the endoplasmic reticulum, where class
I MHC molecules form around them (3).
Each complex goes to the cell surface.
There it can be detected by a killer T
cell, which expresses a CD8 protein (4).
The T cell then secretes compounds
that destroy the infected cell (5 ).
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MHC molecules can be divided into two
classes, unimaginatively designated class
I and class II MHC molecules. Class I
molecules are found on almost all types
of body cells. Class II molecules appear
only on cells involved in an immune re-
sponse, such as macrophages and B cells.

Although both types of MHC mole-
cules are structurally distinct, studies
published this past July by Jerry H.
Brown and Don C. Wiley of Harvard
University and their colleagues, as well
as earlier work by Pamela J. Bjorkman,
now at the California Institute of Tech-
nology, and her colleagues, showed that

they fold into very similar shapes [see
illustration on next page]. Each MHC
molecule has a deep groove into which
a short peptide, or protein fragment,
can bind. Because this peptide is not
part of the MHC molecule itself, it can
vary from one MHC molecule to the
next. On healthy cells, all these peptides
come from self-proteins. It is the pres-
ence of foreign peptides in the MHC
groove that tells the immune system
that the cell is infected.

The foreign peptideÐMHC complexes
displayed by an infected cell are recog-
nized by receptors on a distinct type of

lymphocyte, the T cell. The structure of
the receptor on T cells is basically the
same as that of the membrane-bound
antibody molecule that acts as the re-
ceptor on B cells. But T cell receptors are
specialized to recognize only foreign
peptide fragments bound by MHC mol-
ecules. When a T cell receptor binds to its
speciÞc foreign peptideÐMHC complex,
the T cell can act to cure or to kill the
infected cell.

The two diÝerent classes of MHC mol-
ecules present peptides that arise in dif-
ferent places within cells. Class I mole-
cules bind to peptides that originate
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Delivering Peptides to the Cell Surface

he bacteria that infected a macrophage reside in the
cell’s vesicle (1). A class II MHC molecule, produced in

the endoplasmic reticulum, is transported to the vesicle (2).
A protein chain (black line) keeps the molecule inactive un-
til it reaches the vesicle. In the vesicle the chain falls away,
enabling the class II MHC molecule to bind to any peptides
there (3). The complex then moves to the cell surface,
where a so-called inflammatory CD4 T cell binds to the
peptide (4 ). The T cell then activates the macrophage, sig-
naling it to destroy the material in its vesicle (5 ).

n antibody on the surface of a B cell serves as the B
cell’s receptor. If the antibody discovers a foreign anti-

gen in the bloodstream, it binds to it (1) and delivers the
antigen to a vesicle inside the cell. The antigen is broken
down into peptides (2 ). A class II MHC molecule, which is
produced in the endoplasmic reticulum, migrates to the
vesicle, where it grabs a peptide (3 ). The MHC molecule
transports the peptide to the cell surface (4 ). A CD4 helper
T cell binds to the antigen and makes molecules that tell
the B cell to proliferate and to produce antibodies (5 ).

T A

CD4 INFLAMMATORY T CELL CD4 HELPER T CELL

5
5

4
4

CD4 
PROTEIN

CD4 
PROTEIN

ACTIVATES CELL
ACTIVATES

CELL

BACTERIA

ANTIBODY

ANTIGEN

MACROPHAGE

INACTIVATING
PROTEIN

CLASS II MHC
MOLECULE

CLASS II MHC
MOLECULE

1

1

2

23
3

B CELL 

Copyright 1993 Scientific American, Inc.



from proteins in the cytosolic compart-
ment of a cell. These proteins are di-
gested inside the cell as part of the nat-
ural process by which a cell continually
renews its protein contents. James Shep-
herd, working in my laboratory at Yale
University, recently showed that the
short peptide fragments that result
from this process are pumped by a dis-
tinct transporter from the cytosol into
the endoplasmic reticulum.

Here the class I MHC molecules are
synthesized as long chains of amino
acids that must fold to yield the ma-
ture class I MHC protein. This folding
can occur only around a suitable pep-
tide, much as a pearl in an oyster de-
velops around a grain of sand [see illus-

tration on page 76 ]. The peptides trans-
ported there, then, make natural seeds.

The folding of a class I MHC mole-
cule around a peptide signals it to car-
ry the peptide to the surface and hold
it there. If the peptide is foreignÑstem-
ming from, say, a virus infecting the
cellÑthen a passing T cell will recognize
it. The T cells that act in this way are
those with CD8 proteins on their surface.
These CD8 T cells will mount an im-
mune response against the cell by re-
leasing chemicals that destroy the en-
tire cell. Because CD8 T cells are pro-
grammed to kill cells that display foreign
peptides, they are sometimes referred
to as killer T cells. This response is the
only eÝective way to prevent the creation
of more viruses by the infected cells.

Of course, not all microbes grow in the
cytosolic compartment of cells. Some
bacteria, such as the Mycobacteria that
cause tuberculosis, grow in vesicles in-
side a cell, which are sealed oÝ from
the rest of the cell by a membrane.
Cells infected in this way tend to be
macrophages, which engulf bacteria
and naturally form a home for such in-
fections. Bacteria in cell vesicles make

proteins that are broken down into
peptides within the vesicles. These
peptides bind to class II MHC mole-
cules, which then migrate to the vesi-
cles from their origin in the endoplas-
mic reticulum.

Unlike class I MHC molecules, which
must mature around a peptide, class II
molecules remain primed for action
once they are synthesized. Peter Cress-
well, now at Yale, showed that a special
chain of amino acids in the endoplasmic
reticulum holds the binding ability of
class II MHC molecules in check until
the molecules move to the vesicles. This
extra chain then falls away, enabling the
class II MHC molecules to grab hold of
any peptides they Þnd.

The class II MHC molecule then deliv-
ers the peptide to the surface of the cell.
There the peptide can be recognized by
T cells that have the CD4 protein on
their surface. Unlike CD8 T cells, CD4 T
cells do not directly kill the cell. Rather
they activate the cells that have dis-
played the peptide. For instance, one
kind of CD4 T cell, called inßammatory
T cells (or Th1), can stimulate a macro-
phage to kill the Mycobacteria inside
its own vesicles. It is the loss of this
class of CD4 T cells that makes pa-
tients who have AIDS so susceptible to
diseases such as tuberculosis.

Another kind of CD4 T cellÑhelper T
cells (or Th2)Ñguides the activity of B
cells. When a protein binds to the B

cellÕs receptor, the protein is taken to a
vesicle, where it is cleaved into peptides
that bind to class II MHC molecules.
These complexes are then delivered to
the cell surface, so that they can be rec-
ognized by the helper T cells. The help-
er T cells tell the B cell to start making
antibody, turning on only those B cells
that have bound to antigen. Thus, even
antibody production is ultimately con-
trolled by MHC molecules and T cells.

The genes that encode MHC mole-
cules are the most variable ones in hu-
mans. This unusual feature of the MHC
molecule system may have allowed
Homo sapiens to survive so many path-
ogens. Unlike antigen receptor genes,
which vary from cell to cell in one per-
son, MHC genes are the same in all of
an individualÕs cells but differ from
person to person. Each variant of an
MHC molecule will bind diÝerent pep-
tides, because the genetic alterations af-
fect mainly the structure of the groove
that holds the peptide.

The genetic variability of MHC mole-
cules means that at least some individ-
uals will have MHC molecules that bind
to the peptides of any pathogen, even
as the structure of microbial proteins
evolves. Indeed, A.V. Hill of the Univer-
sity of Oxford has recently studied a
population exposed over many hun-
dreds of years to Plasmodium falci-

parum, the parasite that causes fatal
malaria. He found that the percentage
of people whose MHC molecules bind
particularly strongly to peptides from
the parasite increased over that time. T
cells can also recognize these genetic
diÝerence in MHC molecules, which ex-
plains why tissue grafts are rejected: T
cells in the host regard the peptides
bound by a diÝerent MHC molecule as
foreign and so kill the grafted tissue.

T
he binding of antigen to receptor
is actually only the beginning of
the immune response. For a B cell

to produce antibodies, or a T cell to re-
lease its killer or helper molecules, the
nucleus of the cell must know that
binding has occurred at the cell sur-
face. Lymphocyte receptors are made
of several proteins that interact to de-
liver a biochemical message to the
cellÕs interior. When a receptor binds to
an antigen, it causes other proteins in
the cell membrane to turn on enzymes
inside the cell referred to as kinases.
Active kinases add compounds called
phosphate groups to other proteins in-
side the cell. The added phosphate
groups change the activity of these pro-
teins so that they ultimately signal the
cell to grow and diÝerentiate. The CD4
and CD8 proteins on T cells, as well as
a protein on B cells known as CD19,
are examples of membrane proteins
coupled to kinases inside cells. Anoth-
er kind of molecule that goes into ac-
tion is CD45, an enzyme that helps to
mediate lymphocyte activation by re-
moving phosphates from certain pro-
teins, thereby deactivating them.

But kinase-mediated signals cannot
by themselves activate lymphocytes.
Lymphocytes must receive a second sig-
nal derived from other cells in the body
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MAJOR HISTOCOMPATIBILITY COMPLEX, or MHC for short, makes two kinds of
molecules in cells: class I (left) and class II (right). The images present the view-
point of a T cell receptor. Class I MHC molecules can hold only short peptides
(red ), because the binding site is closed oÝ. In contrast, class II MHC molecules can
bind to peptides of diÝerent lengths, because the binding site is open at both ends.
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to grow. These messages are often
called costimulatory signals. B cells re-
quire helper T cells not only to recog-
nize antigen but also to make a pro-
teinÑCD40 ligandÑthat binds to the 
B cell molecule CD40. T cells rely main-
ly on so-called B7 molecules as costim-
ulatory signals; such molecules are ex-
pressed by the same cells that present
antigen. While working in my labora-
tory, Yang Liu, now at New York Uni-
versity Medical Center, showed that B7
is expressed when the innate immune
system recognizes that microbes are
present, that is, usually during the ear-
ly phases of infection. In eÝect, the in-
nate system may prime the adaptive
system for action. In this way, costimu-
latory signals may also assist the adap-
tive immune response in diÝerentiating
infectious microbes from self-tissues.
Lymphocytes that bind to antigen but
do not receive costimulation are not ac-
tivated. As a result, self-antigens alone
would not be able to initiate an immune
response.

Once a lymphocyte binds to antigen
and receives costimulation, it diÝeren-
tiates and becomes active. (The active
versions of lymphocytes are sometimes
called eÝector cells, as they actually
mediate the immune response.) Once
activated, the cell no longer requires the
costimulatory signal. Thus, although
only cells that express costimulators
can elicit an immune response, any cell
or molecule can be targeted. This re-
sponse is important because it enables
B and T cells to attack any cell that has
become infected, regardless of its type.

So what is wrong in patients who
have agammaglobulinemia, a condition

in which antibodies are not made? The
answer has only recently been discov-
ered [see ÒHow the Immune System De-
velops,Ó by Irving L. Weissman and Max
D. Cooper, page 64]. It turns out that
during the development of B cells in
healthy individuals, the rearrangement
of receptor genes is carefully regulated.
In other words, the antibody receptor
must be manufactured accurately. The
V gene for each chain has to be rear-
ranged in the right sequence, and the
receptor cannot be completed until all
the rearrangements are correctly made.

T
hus, to form correct receptors,
the cell must determine the state
of its receptor genes as develop-

ment proceeds. A heavy-chain V gene
is rearranged so that a cell can make
the heavy chain of its receptor Þrst.
This chain goes to the cell surface. The
presence of the heavy chain at the cell
surface signals the B cell to stop rear-
ranging heavy-chain genes and to start
rearranging light-chain genes. A kinase
seems to deliver this crucial message
from the cell surface to the interior.

In agammaglobulinemia, heavy chains
are made, but light chains are not. In
these patients, a kinase has recently
been found to be defective. (Interesting-
ly, absence of a related kinase found in
T cells has an identical eÝect on T cell
development.) Apparently, the gene de-
fect described by my father in these
pages 36 years ago has Þnally been
identiÞed, and we should soon under-
stand how it works.

Meanwhile the kinds of infection that
occur in people with agammaglobulin-
emia have taught us why antibody pro-

duction is necessary for health. Treat-
ment of these patients with immuno-
globulins pooled from donors provides
them with antibodies and allows a
nearly normal life. But this therapy is
only a temporary repair for a genetic
disease that can now, in theory, be cor-
rected by inserting the normal gene into
a patientÕs bone marrow cells. Contin-
ued strong support for basic research in
immunology, genetics, cell biology, can-
cer and molecular biology is needed to
conquer this and the other more preva-
lent diseases discussed in this issue.
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STIMULATION by two molecules is needed to activate lymphocytes. The diagrams
depict a CD8 T cell and a macrophage. Without the presence of antigens, the T cell
is dormant (left). Yet antigen alone cannot induce T cell function (center ). In this
way, a response to the bodyÕs own antigen does not occur; in fact, this Þrst signal
turns oÝ the T cell . If the macrophage is infected, it will produce a molecule called
B7, which acts on the T cellÕs CD28 surface protein (right). Only when an antigen
and the B7 molecule are present on the same cell does the T cell proliferate.
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