The Molecules of the Immune System

The proteins thar recognize foreign invaders are the most diverse
proteins known. They are encoded by hundreds of scattered gene

fragments, which can be combined in millions or billions of ways

E sential to survival, without it
death from infection is all but
inevitable. Even- apart from its vital
function the immune system is a fasci-
nating example of biological ingenui-
ty. The cells and molecules of this
defensive network maintain constant
surveillance for infecting organisms.
They recognize an almost limitless va-
riety of foreign cells and substances,

distinguishing them from those native -

to the body itself. When a pathogen
enters the body, they detect it and mo-
bilize to eliminate it. They “remem-
ber” each infection, so that a second
exposure to the same organism is dealt
with more efficiently. Furthermore,
they do all this on a quite small defense
budget, demanding only a moderate
share of the genome and of the body's
resources.

The critical event in mounting an
immune response is the recognition of
chemical markers that distingtiish self
{from nonsell. The molecules entrusted
with this task are protcins whose most
intriguing property is their variability
engral all the mol-
n protein made by
an individual gk gtlbsolutc]y identical:
they have the ng € sequence of amino
acids. At most there may be two ver-
stons of a protein, specified by mater-

nal and patemal genes. The recogm—“

tion proteins of the immune sysfem, in
contrast, come in millions or perhaps
billions of slightly different forms. The
differences enable each molecule to
recognize a specific target pattern.
The maost familiar of the recognition
proteins are the antibodies, or immu-
noglobulins. Much has been learned of
their structure and, equally important,
of the genelic mechanisms responsible
for their diversity. It turns out that vast
numbers of antibodies are made by re-
shuflling a much smaller set of gene
fragments. Thus antibody genes ofler
dramatic evidence that DNA is not an
inert archive but can be altered during
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synthesis of antibodies the cuttmg and
joining of gene sequences is not a mere
incidental feature of the genetic proc-
ess; it is essential to the functioning of
the immune system.

Another class of recognition mole-
cules consists of the proteins called 7-
cell receptors. Because they are more
difficult to isolate, their properties are
not yet as well known as those of the
antibodies. In structure and evoiution-
ary origins they are clearly related to
the immunoglobulins, and a similar
genetic mechanism accounts for their
diversity, but their mode of operation
is subtly different. A T-cell receptor
recognizes only those cells that bear
both self and nonself markers. By this
curious means T cells are given the
ability both to act directly against viral
infections and to regulate other com-
ponents of the immune system.

he primary cells of the immune

system urc the smull white bloed
cells cafled tymphocytes. Like other
blood cells, they are derived from stem
cells in the bone marrow. In mammals
onc class of lymphocytes, the 2 cells,
complete their maturation in the bone
marrow. A second class, the T cells,

RBINDING OF AN ANTIGEN to awantibedy is & central event inthe recognition of £

undergo further differentiation i
thymus gland. Cells of the two classe
are similar in size and appearance, bu
they take part in different forms of im
muine response.

B lymphocytes are the cells tha
manufacture antibodies. Their bast
mode of action can be understood i
terms of the clonal selection theor
proposed 30 years ago by Sir Macfar
lane Burnet. As each B cell maturesig
the bone marrow, it becomes comm
ted to the synthesis of antibodies thut
recognize a specific antigen, or molec
ular pattern. In the simplest case all thej
descendants of each such cell retainiy
the same specificity, and so they for
a clone of 1mmunol0g1cally identical;
cells. {Actually some variation is mtm-
duced as the cells proliferate,)

The antibodies made by a B cellr
main bound to the cell membran
where they are displayed on the so
face as receptor molecules. When unigg] s
antigen binds to an anlibody in thel
membrane, the cell is stimulated to}
proliferate; this is tAc clonal-setection
process. in general many clones re
spond to a single infection. The anti
genic markers recognized by antibod-
ies are comparatively small patterns of
molecular structure, and a single virus

* bound substance is tot an actual antigen bt a hapten, o small molecule with an affinity for

cign organisms in the body. In the computer-generated imapge on the opposite page (he :

& particular antibody. The hapten shown is pirosphocholine, It is guided to the antigen-bin
ing site by electrostntic interactions nnd fits info a cleft on the antibody surface. Its orienfa<
tion on appronching the Linding site, ns depicted in the top center of the image, is suggestsd
by a calculation done by Elizabeth D. Getzoff, John A. Tainer and Arthur J. Olson of ihej
Research Institute of Seripps Clinicy the caleutation is based on the atomic structure of (e}
aniibody-hapien complex, which was determined by Eduardo A, Padlan, Gerson H, Coheny
snd David R. Davies of the National Instilutes of Health, The skeleton of the protein nnl}
sl of the approaching haplen molecule are shown enveloped in dots that represent the suny
faces accessilile to waler molecules; apnother hapten, instalted in the antigen-binding il

directly Lelow the first hapten, is showsn as & skeleton only. The colors of the dots indical
the ealculated elecirostalic potential of various regions of the molecular surface; blue is th
most positive and red the most negative, Arrows show the direction of the electrosiatic el
and their colors indicate the elecirostatic potentinl at their points of origin, The fmag
was made with the programs Granmes, developed by Olson and T, J. 3'Donnell of Abhg
Laboratories, and GRANNY, written by Olson nnd Michael L, Connolly of Scripps €l ;
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or bacterium carries many recogniz-
able patterns.

Some of the progeny ol the sclected
clones remain as circulating 8 lym-
phocytes. They serve as the immunc
system's memory, providing & [aster
response fo any subseguent exposure
{o the same antigens. The memory
cells are responsible for the immunity
that develops following many infec-
ions or as a result of vaccination.

Other members of the sclected Hecell

ciones undergo “terminal differentia-
tion": they grow larger, stop reproduc-
ing and dedicate all their resources to
the production of antibodies. In this
state they are called plasma cells, and
although they live for only a few days
more, they secrete [arge quantities of
immunoglobulins.

Antibody molecules cannot destroy
a foreign organism directly; they mark
it for destruction by other defensive
systems. One of these syslems is com-

piement, a set of more than a dozen
proteins that are activated in succes-
sion on the surface of a cell bearing
antigen-antibody complexes. The com-
pitement proleins have the uliimate ef-
fect of perforating the cell membrane.
Antigen-antibody complexes also at-
tract macrophages, which engulf and
digest foreign particles. A number of
other cells can also take part in the
fmmune respense.

How docs #n antibody molecule
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"the gene for some prototypical pro-

recognize an antigen? The answe
was [ound by analyzing the amin
acid sequence and the three-dimen
sional structure of antibodies. :

basic antibody molecule consists f

of four polypeptide strands: there §
are two identical light chains of abost §
220 amino acids and two identica §
heavy chains of either 330 or 440 ami- §-
no acids. The four chains are held ¢
gether by disulfide bonds and nonce-
valent bonds o form a Y-shaped mol
ecule. Both the heavy and the ligh
chains are built up from a common do-
main, or structural subunit, of abou
110 amino acids. Tt would appear thal

tein.of about this size has been repeat:

ACTIVATED ®
T HELPEA CELL

ANTIGEN-PRESENTING

CELL (MACROPHAGE)
PHAGOGYTIC CELL
(MACROPHAGE)
IMMUNOGLOBULIN MHC PROTEIN
= ANTIGEN RECEPTOR (CLASS Il
A  PROCESSED SECRETED \£|‘:rl T HELPER GELL
ANTIGEN IMMUNOGLOBULIN REGEPTOR

IMMUNE RESPONSE TO INFECTION mobilizes several cooperaling populations of
cells. B cells earry immunoglobulins as surface receptors thaf recognize und bind io civculat-
ing antigens; in general, however, the B cells are not activated by this process alone. First
the antigen must be talen vp by an ontigen-presenting cel! (7); a macrophiage can serve in
this role, The antigen is processed by the macrophage (2) and then displayed on 1ts surfuce.
There it is recognized by a 7 helper cell, which is thereby nctivated (3). The T helper cell
then activates J cells earrying the same processed antigen (4). The activated B cells prolifer-
nte and undergo terminal differentiation (5). Some of the progeny become memory cells,
which previde a quicker response to future infections, whereas others develop into antibody.
secreting plnsma cells. The secrefed antibodies bind to the antigen, therchy marking it for de-
struction by various other composnenis of the immune system, including macrophages (6).

INFECTED
GELL

CYTOTOXIC
TCELL

A VIRAL ANTIGEN Q MHC PROTEIN [ELASS )

RESPONSE TO VIRAL INFECTION calls on elher clements of the immune system.
When a virus eniers a cell, viral proteins sre left behind embedded in the cell membrane,
Cyiotoxic T cells speeificnlly recognize such Foreign molecules displuyed in combinstion
with proteing thaf identify the host. They are the Cliass I prodeins of the major histoeom-
pulibility complex (MHC), 'The ccll infected by the virus is idlled by the cytvloxic 7 cell,
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ent heavy-chain classes recognize the

edly duplicated and altered to pive
rise to the genes for both immune
globulin chains. A light chain has two
somewhat different copies of the do.
main and a heavy chain has eitherf
three or four copies. All the coplal
fold up into broadly similar three-§
dimensional structures. .
In both heavy and light chains the B

domain at the amino end of the poly-B¥ Anripopt
peptide—the end synthesized first—dit- |5 polypeptide
fers in an important way from the ol the stem of

are confined

er domains. The amino-terminal d
glons {white -

main is where most of the variationit]
amino acid sequence is found. In thef
folded antibody the variable regionf
make up the terminal half of the arms
of the Y; each arm incorporates i
variable region of one heavy chain and
one light chain. Within the variably
region of each chain there are thre
small segments where the amino acif
sequences are found to be particular
ly diverse. These “hypervariable” seg:
ments come together at the end of each
arm to form a cleft that acis as ik
antigen-binding site. The specificity o
the molecule depends on the shape of
the cleft and on the properties of th
chemical groups that line its wall§
thus the nature of the antigen recog
nized by an antibody is determined pri{
marily by the sequence of amino acidy
in the hypervariable regions. il
~ One further aspect of the structury
of antibodies must be mentioned. Ev
in the constant regions not all mol
cules are identical. In mammals th
light-chain constant regions are of twf
types, designated kappa and lambdef
There are five classes of heavy-chahk
constant regions: mu, delta, gamm
epsilon and alpha. Antibodies wi
the same variable regions but diffe

-
ANTIGEN

STRUCTUR
repented dor
sists of fwo 5
! demalus, alth
¢ the polypepti
% that inclodes
The varinble

same antigens but have different rol
in the immune response. For examply
the membrane-bound antibodies the
serve as [O-cell receptors incorpaoril
mu or delta chains, and most of thean
tibodies secreted in response {6 an A
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the pol‘y I ANTIBODY MOLECULE is n Y-shaped profein made up of four
first—dif- g polypeptide chains, Two heavy chains (ffue surfoces) extend from
7 the oth- lite stem of the Y info the arms; two light chains {green surfaces)
ninal do- . ore confined to ¢he arms. Each polypeptide has both constant re-

gions (white and yellow skeletan) and variable regions (red skeleton),

All antibodies of o given type have the snme constant regions, but
the variable regions differ from one clone of B cells to nnother. Al
the end of each arm the heavy- and light-chain varislble regions fold
ta create an antigen-binding site. The image was made by Olson
with the computer programs used in making the one on page 123,
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LIGHT
e GHAIN
: HEAVY CONSTANT
g CHAIN < DOMAINS CHAIN
g
STRUCTURE OF AN ANTIBODY can be analyzed in terms of  maain af the amino end of the chain, Three loops {called hypervari-
repeated domains, ot independent folding units, A liglt chain con-  able regions) within the variable domain contribute te the antigen-
sists of two such domnins; the heavy chaing shown here have four  bindiog site. The demnin structure shown is schemadic; the actaal
B
-orporale tomnpins, althouph some heavy chaing have three, Within o dorsain folding pattern is imore conplex. Similar domaing appear in the 7~
;)( the an i ibe polypeptide chain assumes n characteristic pattern of Tolding  cell-receptor protein and in the proteins of (he major histecompati-
5 that fuchudes several strands of the substructure called o beta sheet. hility comples, which fdentify an individunls cells, Al three fami-
OAREA B Thy variale region of each polypeptide s confined to o single do- lies of moleenles hve probably evobved from a common aicestor,
polypey 1 ! ¥




tigen include gamma or alpha chains.
For many years there were lwo
competing theories of the genetic ori-
gin of antibody diversity. One schoo!
of thought held that the germ line (the
complement of genes passed [rom one
generation to the next) must include
4 separale gene for every polypeptide
that vitimately appears in an antibody.
In this germ-line theory immunoglob-
ulin genes are expressed in exactly the
same way as those for any other pro-
teins, and no special gene-processing
mechanisms are needed. On the other
hand, the maodel requires an enormous
number of immunoglobulin genes..
The second theory supposes there
are only a limited number of anti-

--body-genes-in-the-germ-tine;-and they-

somehow diversify as 8 lymphocytes
emerge from their stem cells. In other
words, the diversification takes place
in the somatic, or body, cells rather

than in the germ cells.
A: interesting variation of the germ-
line theory was introduced in 1965
by William J. Dreyer and J. Claude
Bennett of the California Instityte of
Technology. They suggested that for
each type of antibody polypeptide
chain the germ line includes many V
genes (oné to encode every possible
variable region) and a single C gene
for the constant region. As the cell
matures it randomly selects one of the
I” genes and combines it with the C
gene to creale a single length of DNA
encoding the full polypeptide.
Dreyer and Bennett's model has cer-
tain attractive features. It makes effi-
cient use of the genome, and it offers a

LAMBDA LIGHT CHAIN
!

natural explanation of how antibody
molecules can vary greaily in one part
of their structure and remain constant
in other parts. Until the mid-1970',
howcver, there was a major impedi-
ment lo acceptance of the theory: it
required some means of rearranging
genes in somatic cells. No such mecha.
nisms were known, and many work-
ers considered them unlikely to exist,
The doctrines that one gene always en-
codes one polypeptide and that the
genome Femains constant throughout
an organism's development were then
considered universally established
-principles of biology. SRR
- - In the past 10 years the app
of recombinant-DNA ¢t

lication

the™study of immunoglobulin genes
has shown that they do undergo somat-
ic recombination, but in ways much
more complicated than Dreyer and
Bennett supposed. Through these com-
plex rearrangements preat diversity is
generated in the Vregions.

The first evidence of somatic recom-
bination in immunoglobuliv goncs wis
found by Nobumichi Hozumi and me
irr 1976, when we were both working at
the Institute for Immunology in Basel,
Switzerland. Our experiments made
usc of restriction enzymes, which cut
DNA at points marked by a particular
sequence of nucleotides. The results
showed that in embryonic mouse cells
the DNA sequences encoding the V
and the € regions of the light chains
are some dislance apart. In 4 mature
antibody-secreting cell they are much
closer together. (The latter finding was
based on work not with normat 8 cells
but with cells of a myeloma, or lym-

phocyte eancer. Such malignant cells ' amino
are much easier to grow in culture.) J segir
kappa-
The mechanisms responsible for the §  produc
shufliing of immunoglobulin DNA . The
sequences became clearer when frag- g chains
ments of the DNA were cloned in bac- £V and
teria and analyzed. This was first done | heavy-c
by Ora Bernard and me in Basel, in k- third fre
collaboration with Allan Maxam and . sity), M
Walter Gilbert of Harvard University, E hundrec
Working with a DNA clone derived f ments a
from embryonic mouse cells, we deter- ple they
mined the nucleotide sequence of a - well ove
segment of DNA encompassing the § bining a
* ¥ gene of a particular lambda light || can prot
chain. To our surprise we found that§ lion disti
the nucleotides corresponding. to_the.§..... The .as
last 13 amino acids of the variable re munoglo
gion were missing, They were discov- stages. Fi
ered by Christine Brack of my labors- [ light chaj
in a heav

tory. The missing fragment is thou-
sands of base pairs away from the
DNA encoding the rest of the V re-
gion and lies about 1,300 base pairs |

¥ er within
= script is
:of DNA,

_ “upstream™ from the start of the Cre- . complex,
gion. Thissmallinterposed segment has : noncoding
been named J, for joining. Each lamb- separates

da light chain is assembled by combin-

: excised an
ing the scattered ¥, Jand C segments, 25

jorted fro

A similar analysis was soon carried £, lated into
out for the kappa light chain and for = The secc
the heavy-chain variable region. The & lies on me
work was done in several Iaboratories, 2 that are ¢
notably my own in Basel, Philip Led- & of genes ir
er's at the National Institutes of Health & stage, in w
and Leroy E. Hood's at Caltech. The [ than the R}
kappa chain too is encoded by ¥, J§E highly spec
and C segments. Furthermore, multi B al and may

ple copies of the ¥ and J segments f mune syste
were discovered: there are a few hun-E set of enzyr
dred ¥ segments, differing slightly in@; distant I,

- deleting af]
- them. The
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L hundred pene
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can be combined with any pair of J and © genes, For the lupp
light chain {here are o fow hundred segments, four J segmenk i
and a single C gene. The heavy-chajy genes are similar, exeept the
the BNA For the variable region is further subdivided: in addlfiog
to the ¥ and J segments there are abeut 20 D (For diversity) s
ments, Ench sel of genes is on o different chromosome, The Teed
receptor genes are organized much as the Beavy-chinin genes g

GENES FOR ANTIBODIES are broken up inte small segments
Scattered widely throughout {he genome. Two kinds of light chain
appear in mammatian antibody moleeules. For the lambda tight
chain of the mouse there arclwo b penes that pneode most of the
variable region and four C genes Tor (he constant region, Upstream
of each C gene is a short sepment of DNA designated J, For joining,
which specifies the remainder of the variable region. Either Fgene
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mant cells | amino acid sequence, and four distinct

¢ re) E Jsegments. The number of possible
4  kappa-chain variable regions is the
ble for the | product of these numbers.
aulin DNA E The potentlal diversity of the heavy
vhen frag- g -chains is even greater. In addition to
1ed in bac- | ¥V and J segments the genes for the
; first done [ heavy-chain variable region include a
1 Basel, in [ third fragment designated D {{or diver-
{axam and [ sity). Mouse germ-line cells have a few
Jniversity, B hundred V segments, about 20 D seg-

ae derived B2 menis and four J segments. In princi-
;, we deters

tence of a & well over 10,000 combinations. Com-

i ple they can be brought together in--

GERM-LINE DNA

RN

11—

V, v, v, v, b g
e
RECOMBINATION

scewon | [

v, Ve, J; Jida
TRANSCRIFTION

Jr Jy

" BMA TRANSCRIPT

IRl
N\

lien distinct antigen-binding sites.

;. The assembly of a functioning im-
munoglobulin gene takes place in two
tages. First the V¥ and Jsegmentsin a
2 light chain or the V, D and J segments
£ in a heavy chain are brought togeth-
Yer within the DNA. An RNA tran-
cript is then made of the entire length
-of DNA, including the V-Jor ¥-D-J

base pairs”

of the Cre- i complex, the € gene and the intron, or
egmenthas & noncoding intervening sequence, that
Zach lamb- [¢ separates them. Finally the intron is
by combin excised and the messenger RN A is ex-

; ported from the nucleus to be trans-
lated into protein.

The second stage in this process re-
> lies on mechanisms of RNA splicing
that are common to many families
¥ of genes in eukaryotic cells. The first

T segments.
yon carried :
iin ~nd for -
B, The |
bo1 atortes,
hilip Led- "

sof Health & stage, in which the DNA itself rather
Utech. The B than the RNA transcript is altered in a
«d by V., J @ highly specific manner, is more unust-
ore, multi- [ aland may even be unique to the im-
' segments mune system. It evidently employs a
1 few hun- B setof enzymes that can bring together

distant ¥, D and J scgments, oflen
defeting all the DNA thal scparaies
them, The envymes themselves have
net been isolated, but signal sequences
thal probably guide their actian have
been discovered. For cxample, juosi
downstream ol cach I gene Tor the
kappa chain there is a distinctive pat-
lera composad of a heptamer, or sev-
en-nucleotide unit, followed by a spac-
er and a nonamer, or ninc-nucleotide
unit. Just upstrcam of the J scgmaenl
there is an approximately complemen-
tary nonamer-spaccr-heptamer pat-
tern. These units could provide a tlem-
plate for the enzymes that cut and re-
join the double helix. Stmilar signal
sequences are found in heavy-chain
genes, arranged so that a D scgment
will be included beiween lhc I7 and
the J segments.

stightly in

he many possible combinations

that can be formed {rom several
hundred gene segments are lhe key
to antibody diversity, but there are at
least two additional sources of variety,
One of these is a lack ol precision in
the DNA-splicing machinery that (us-

*we kappa §
[ segments
except fhat
in addition
rersity) seg-
The T-cell
1 gL‘liCS are.

"RNASPLICING

MESSENGER RNA -I

PROTEIN

v J C

J/ TRANSLATION

ASSEMBLY OF AN ANTIBODY GENE from scaifered Eragments is done in two stages,
shown for a kappa light chain. First randomly selecied ¥ and J segments nre Fused by en-
zymes that deleie all the DNA lying between {hem, Here the gene segments Inbeled ¥, ¥y
and Jy are deleted, bringing togeiher Iy and J;. Next the entire length of DNA from the
siart of I fo the end of the C gene is transcribed info RNA. Standard RNA-splicing en-
zymes, which tnke part in the expression of many genes, excise all the RNA from the end of
Jo o the start of C. The resuliing sequence of messenger RINA is translated into protein.

es V. Dand Jsegments. The site of the
junction can vary by several base pairs.
Furthermore, in some cases additional
base pairs are inserted in the process
of combining scgmenis. Both kinds of
change can obviously alter the amino
acid sequence of (he poalypeplide. As a
resull. even il two anlibodies are speci-
ticd hy the same eollection of gene seg-
ments, they may st have slightiy dil-
ferent antizen-binding siles.

Anather major source of diversily
Is somalic ation. I EO70 Martin
Weigerl, working in Melvin Cohn'y
laboratory ul the Salk [nstitute for Bio-
logical Studics. delermined 1he ami-
na ucid sequences of the lambda light
chuins derived from 18 mouse myelo-
mas. All the mice were of the same
inbred strain and so should have been
aencticully identical. Weigerl Townd
that 12 ol the lambdu chains were in-
deed identical but that the other six
difTered both from the majority se-
guence and from one another. Sponlta-
neous senctic changes in the develap-
ing cells were a likely explanation. but
cogent evidence of somatic mutation
wus not oblained until immunoglobu-
lin genes were cloned and sequenced.
In 1977 Brack and Bernard showed
that the inbred mouse strain carries
only one germ-line F.region gene for
the fambda chain und that its nucleo-
tide sequence corresponds to the ami-

no acid sequence found in 12 of the
myelomas. The [ogical conclusion is
that the six variants arose by somatic
mttation.

Since then amino acid sequences
have been compared with germ-line
nucleotide sequences for # number of
kappa light chaing and heavy chains, In
every casce the diversily observed in the
proleins has been greater than that
of the germ-line DNA. Mutalions arc
seen in the variable domain and in the
unmediately adjncent regions bot not
it (he constan! domains. Estimales
ol the rate of muiation suggest there
should be one change in the ¥ region
for every three to 30 cell divisions, a
rale several orders of magni{ude great-
er than the average mutation rate for
eukaryotic genes. It therefore seems
that B celis or their progenitors carry
an enzymaltic apparatus for inducing
mutations in the variable region of im-
munogiobulin genes. As yet the nature
of the enzymes is entirely unknown.

The presence ol both combinatori-
al and mutational mechanisms for the
diversiication of antibody genes is
intriguing. Why have two systems
evolved to meet the same need? Recent
studies suggest u plavsible explana-
tion. Both mechanisms seem to be un-
der strict controb during the develop-
ment of B lymphocytes. The recombi-
nation of the immunogltobulin gene
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In 1984 Tak W. Mak and his col
leagues at the University of To-§
ronto and Mark M. Davis and hisL
collesgues at the Slanford Universi-
ty School of Medicine cloned and se. " Th

quenced a gene that is expressed and [ ;slame gel
rearranged in Tcells but not in B cells :’, éh elper-cell
hMak worked with cells from a human §- éen and ori
T-cell leukemia and Davis with a hy- . atI tanhf_ord.
bridoma, a cell line created by fusing B foundt I;S é":'
a mouse T helper cell with a malig B ;d y o
nant T cell, In spite of the dis  carded alpha.

T T

"STRUCTUEE OF THE

CELL RECEPTOR is not yet known in detail, but its polypep-

tide companents have been ideniified. Each receplor molecule inciudes one alpha chain
and one betn chalw; each chain in turn includes one constant and one variable domain. A ro-
gion rich in hydrophobic anine acids anchors the profein i the membrane of the 7 ceil.

segments is accomplished fArst, and it is
complete by the time the cells are first
exposed to antigens. [ creales a popu-
lation of cells that vary widely in their
specificity, from which a [ew cells are
selected by any given antigen. The mu-
tational mechanism is then called into
action during the proliferation of the
selected B-cell clones. By altering indi-
vidual nucleotide bases the mutations
fine-tune the immune response, cre-
ating immunoglobulin genes whose
products better match the antigen.

The effects that DNA-joining inac-
curacy, base-pair insertion and somat-
ic mutation have on antibody diversity
are hard to quantify, but they surely
increase the number ol distinct anti-
gen-binding sites by a factor of 100,
and the factor is probably still larger.
Thus if the combinatorial mechanisms
alone give rise to 10 million antibod-
ies, the total number could well be
greater than a billion.

Given the intricacy of the B cells
and their antibody-producing ma-
chinery, it is somewhat daunting to re-
alize they constitute only haif of the
immune system. The 7 cells are just
as complex and are essential to immu-
nological compelence. An animal de-
prived of T cells cannot mount an ef-
fective immune response to most anli-
gens even though its A cells are intact.

There are three known subpopula-
tions of T cells;attof e identical-in
appeal‘ﬁ‘nce But'“'c‘hstmgu ished by {unc-

struction is not Lnown, anactivated cy-

totoxic T cell binds to its target bul
does not cengulf it (us a macrophage
wolld), causing a lesion that kills the
target cell. The other populations of 7

cells, cailed T helper cells and_ I_gup»“"
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pressor cells, have a regulutory role.

The per_cells, when they recog-

fize {n anfigen, stimulute other com-

ponenlts of the immune system, includ-"

ing Brells and other Tcells specific for
the same antigen. The suppressor cells
have just the opposite effect, that is,
they diminish the activity of the same
groups of cells.

The name 7 helper cell suggests an
auxiliary or subordinate role, as if the
cells merely abefa response that would
take place even in their absence. Ac-

tually the 7 helper cells may be the

master switch of the immune system.
B cells, for example, recognize anti-
gens independently of T-cell stimula-
tion, but their proliferation and ice-
minal differentiation usuully reguires
activation by T helper cells, The T
suppressor cells would seem o be
equally important: by providing nepa-
tive feedback they muke the immune
response self-limiting.. They may also
have a part in eliminating A and 7
cells directed against the sell.

Beeause the 7 cells are antigen-spe-
cific, they must have receptor mole-
cules analogous lo the membrane-
bound immunoglobuling of & ¢cells.
This fact was recognized more than 20
years ago, but the T-cell receptors
proved difficull to analyze or even
identily becanse they are not scereted
in large quantities the way antibedics
are, The receptors were first glimpsed
in experiments done by James P. Allj-
son of the University of Texas at Aus-
tin, John W. Kappler of the National
Jewish Hospital in Denver and Ellig’
I.. Reinherz of the Harvard. Medical
School. They prepared antibodies that
bind toa prowin on the 7-eell surfuce;
the protein identilied in this way wus
considered a good cundidate [or Lhe
role of a receptor becuuse it varics in

runged in the developing Tcell, and th

_sequence has a number of propertie

origins of the two genes they = <o closely rel
found to encode the same protein. 1‘ b ow ¢ yﬂrle
The nucleotide sequences analyzed i #9CVEr, that
some role in

by Mak and Davis are hontologousin

those of immunoglobulin_genes, and _ge§s. The pro

there-are-alse-larger-scale indications § ;;cg € Is now

of a familial resemblance_to immunc-f2. 181 [ shall d
gbulins The-génes are divided Mo R :_mtght play in

E‘clm From the nu

epmen(s that can be rewr

common with the beta-chain gens
It is homologous to immunoglobult
genes, is made up of segmients ihy
are rearranged and expressed only it
T cells and has a hydrophobic anchef
segment. The logical hypothesis w
that the gene encodes the alpha chaig.
of the receptor molecule, :

Soon alterward, however, Saito i
lated a third gene from the saie cloz:
of cytatoxic 7 cells. [t too has all i
properties expected of a 7-cell rece
tor. and ithus an additionat factor init§"
favor. Chemicul analysis of Lhe pn
tein, done in puarallel with the gen
cloning studies, showed that the §
ceptor prolein has carbohydrale sit

upstream segments {(corresponding lof
the amino end of the polypeptide) af:
variable whereas the downstream sep 'ﬁos.ed of tw;:; d
ments have a constant sequence. Asi o rin _ove;a hs
membrane-bound immunoglobulin, E,dgmam Df the
a series of hydrophobic amino acids ‘lhgrf:e °© se?
near the carboxyl end of the proteln o (:i l;:ljrnunog
anchor the molecule in the membranz .:l'nk 4b percer
A direct determination of amino acdffy "-cd 0¥ 2 disi
sequences by Reinherz and his wf ‘contsltant regio
workers has since confirmed that thefl} ?nc oring pept
genes specify the beta subunit of the T ffom helper cel
cell receptor. have identical ¢
Two more T-cell DN A clones we the alpha and |
isolated by Huruo Saito, working i The molecul:
my laboratory al the Massachuselsg: r_ecq;nlor molec
[nstitute of Technology, and David M§; _s;fx;m ar ..(fobllhat
Kranz in Herman M. Eiscn's laborate B h ¢ variaple re
ry, also at M.LT. In this case the genus “h8I0S Are enca
came [rem mouse cytotoxic T cell ?ents, correspc:
nevertheless, the downstream part df * Scéments, whi
one clone is essentially identical wit] ® chfromgsgme
the constanl-region gene for the help ';-._.}lf; luse in m
er-cell beta chain. The second DNAf: ' ¢ eptamer-n
; . b ces associated
genes are also |
receptor segmer
same system of ¢
ilar one is emp
somatic recomb

Considering a
tween genes
end those for T~
Feasonable to s
< Linds of protein
! gens in the sanie
i the T-cell receptc
pen-binding site
i highly varinble a
ubregions withi.
{ the alpha anc
ppealing hypott

s
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sells to an- ¥ chains attached to it through the ami-

in ot . : ;
e bu B O z_tcxd asparagine. The earhe_r alpha-
subunits ghain cand:datq hasno asparagine units
' & in the appropriate positions, whereas
i the new one has several suitable aspar-
d his col- & Egil:lES. A partial determination of the
ty of To. [ Amino acid sequence of the alpha sub-

- unit by Kappler and his co-workers has

SUEI-ESE;:;E ‘é confirmed that the third of tt-}e DNA
sd and s B clones is the true alphz:l-cham gene.
essed and & The same gene was also isolated from
in Beells. B @ helper-cell hybridoma by Y.H.

Chien and others in Davis' laboratory

12 human B o ford.

with a hy‘

lbay g]:ll:;;g l(nunc[ by Satto and Kranz—the dis-
disparate [ grded alpha-chgm candldate_—woul_d
‘hey were seem to be left without & function. It is
rotein.,  £550 closely relafed to the othe-r genes,
analyzed however, tl}at it almost _Ctj.rtamly ha_s
slogous to some role in th_e recognition of anti-
enes, and | gens. The protein itis presumed to en-
adications k cod.e is now 'demgnated the gamma
[ chain; I shall discuss below wf}at partit

sided into & might play in the Tcelf's action.
\ be rear B Erom the nucleotide sequernces spec-
1, and the ifying the alpha and beta chains much
onding to aof the structure of the T-ce_ll receptor
ptide) are & 0 be inferred. Each chain is com-
ream seg- posed of two domains, which are simi-
nce. Asin B far in pverall structure (o the r.epeated
gl ‘ns, B domain of the immunoglobulins. The
qn cids B degr;e of sequence homology with
e protein & the immunoglobulins is bet\v?en 25
e brEnE. and 35 percent. The two chains are
mino acid linked by a d}SL[]ﬁdB bond between the
4 his co- constant region and the membrfmc-
1 that the armchormg peptide. Molecules derived
(of the T. § Tom ‘hc]pqr cells and cyloi.ox:c'TL‘clls
- have identical constant regions in hath

anes were the alpha and the bclu_clmins. =
orking in The mnlccu!urgunr_:lwsnflhcif:ccll-
@chosells receplar mn[cuulus‘m ilso :\'m[cm_gly
David M. similar to that of immunoglobulins,
Yahorato. Tlxe_ varighle regions of both receptor
Ihe oenes chains ure cncndut! by three g_:g"nl:' seg-
o 7 cells | ments, corresponding to the ¥, D and
n part 0],' Jsepments, \\'htt;h are sca_!lcrt:d along
lical witn | @ chromosome in germ-line cells but
the help- | *¢ fused in mature 7 I'ymphocyles.
nd DNA The hepla.mer-nm.mm.cr signal sequen-
\perties in res associaled with immupoglobulin
i acnes | fenes are also l'cqu near the T-cell-
aulc;bu]in receplor segments, indicating that ‘lhe
cnls Lha | samesystem of enzymes ora very sim-
d only in flar one is r:mp‘lo.\.'c‘d lo mediate the

ic anchor somatic recombination.

:I::SLI:Z?S Considering ali th.c similarities pc-
- tween genes for immunoglobulins
Saito iso- and those {or T-cell receptors, it seems
me clone rgasonahle to speculate that }he two
| e kinds of protein might recognize anti-
ol cep- gens in the same way. in other \\'ords.;.
clor i its the T-}:ell_ recepiors might have an anti-
the pro- gt_:n-bmdm-g site fm"mcd l’)y f_:lustcrs_o[
he gene- highly variable amino acnfls in spe{ﬂﬁc
U the re subregions within the va:'m_blc regions
e side of the .Ellphil ard h_elz_t c]unn_s. Hois an
appealing hypothesis in that it supplies

a single explanation for the recogni-
tion abilities of both proteins, Even if
the hypothesis turns out to be correct,
however, it cannot be the whole story.
The reason is that the two branches of
the immune system recognize antigens
indillerent circumstances. A Bcell can
respond to an antigen alone, but an in-
dividual’s T cells are activated only if
the antigen is displayed on the surface
of a cel| that also carries markers of
the individual's own identity.

To describe this difference ir'l'anti»”

gen response it is necessary to intro-

----- duce-the-molecules-that-serve-as-mark-—

ers of individual identity. They are
proteins encoded by a large cluster of
genes called the major histocompati-
bility complex, or MHC, and they

make up a third class of proteins with
a vital role in immune recognition.
The MHC proteins were discovered
in tissue-grafting experiments. Unless
the donor and the recipient of a graft
are genetically identical (as in the case
of identical twins or mice of an inbred
strain) the graft is generally rejected
because the recipient mounts an im-
mune response to the donor's MHC
proteins. The prevalence of graft rejec-
_tion implies that unrelated individuals
almost always express different sets of
MHC genes. Indeed, apart from im-

---------- munoglobulins-and--T-cell-receptors,—-

the MHC proteins are the most diverse
ones known. Whereas antibodies and
T-cell receptors vary [rom one cell to
the next, however, the MHC proteins
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FFCELL-RECEPFTOR SYSTEM, untike an antibedy molecule, does not respond 1o an ondi-
gen alone; the aptipen must be presenled on the surfnce of a cell that also displays one of
the proteins of the major histeeompatibility complex (MHC). Cytotoxic Teclls recopnize an
antigen in combination with a Class I MHC prefein, found on almost ofl hedy cells. Thelper
cells bind 1o an antigen associaded with a Class B MEC prodein; the fwe molecules are con-
fined (o cells of the immune system, sueh as macrophages aod lymphocytes 1t is not yo clear
whether 7 cells have w receplor with two binding sites or two separate receplor nolecules.




differ from one individual to another.

Two classes of MHC proteins have
been identified. A Class I molecule
consists of a large polypeptide chain
{about the size of an immunoglobulin
heavy chain) linked to a much smaller
subunit called beta-2 microgiobulin.
Class I MHC proteins are found on the
surface of virtually all cells. The Class
I proteins, in contrast, appear only on
a few types of cells that have a part in
the immune response, such as B lym-
phocytes, macrophages and special-
ized epithelial cells. A Class IT mole-
cule is also made up of two polypep-
tide chains, both about the size of an

- immunoglobulin light chain. All the
‘MHC polypeptides exhibit some de-

-.gree.of. homology-with-immunoglobu-
lins, although the resemblance is not as
strong as that between T-cell receptors
and immunoglobulins.

Since the transfer of tissue between
individuals is rare in nature, graft re-
jection cannot be the primary function
of the MHC proteins. Their true pur-
pose lies elsewhere in the immune sys-
tem, namely in direcling the responses

GAMMA CHAIN

/.5

BETA CHAIN

! S

of Tcells. A T cell recognizes both an
antigen and a self MHC protein on
the surface of a single cell. The re-
quirement of dual stimuli is called
MHC restriction. Cytotoxic T cells re-
spond to antigen together with a Class
I MHC protein; T helper cells re-
quire a Class II protein.

Of what benefit to the organism is
MHMC restriction? Its effect is to direct
the activities of Tcells to the surface of
the animal’'s own cells rather than to
bacteria or free foreign molecules.
One plausible idea is that the cytotox-
ic T"cell arose to provide protection

. against viral infection. When & virus -

enters a cell, coat proteins encoded by
the viral genome are displayed on the

cell membrane:Hence the'infected cell ™

has just the right pattern of surface
markers for recognition by 7T cells: a
foreign molécule in combination with
native proteins. A cytotoxic 7'cel, rec-
ognizing the viral antipen and one of
the Class I proteins, can kill the in-
fected cell before the virus replicates.

The Class Il proteins and the regula-
tory T cells may have evolved o in-

“resiltsdare by no niedns concl

crease the efficiency of the immune re-
sponse. T helper cells can be triggered

by antigen-presenting cells that take upj§
circulating antigens and display them

on their surface along with Class I§;
MHUC proteins. The presence of Clas}

macrophages may be the key to how

helper cells communicate with those
cells and thereby recruit their partict-
pation in an immune response.

If 8 T cell must recognize two sur-|
face markers, the question arises§
of whether it has two separate recep- fi

biod of reside
during this

munologists a
=nust be selec
of immature

tors or a single dual-function receptor. |
Some recent experiments seem to fa-

vor the single-receptor mod

second receptor is eventually found, it |
may turn out to incorporate the “or§

phaned” gamma chain, which has all
the properties expected of a recept
protein but has no place in the curre
scheme of T-cell operations.

There is another possible role for th
gamma chain. T lymphocytes becom
mature &nd functional only after a pe

fhat capability
ibe agpressive |

flssues. What |
j1of the change
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- BONE MARROW

THYMIC “EDUCATION" is a yceessary stng?:: in the development
of Functional T lymphocyies. A model proposed by David Raulet -
and the aumthor offers oue possible explanation of the developnien-
lal process, According 1o the model, immature 7 cells first moke
receptor profeins with polypeptide chaius called gamma (eofor) and
beta (fight color). In the thymus the lymphoeyles are exposed Lo
MHC proteing, nnd only those cells with sullicient affinity Eor these

1in

THYMUS

~
PERIFHERAL TISSUES

markers of self-identily are allowed to propagate. IE the selectd
celis were released from the thymus, however, they would aitnc
the body's own tissues. The affinity of the receptor molecules fof g
self-antigens must therefore be reduced. Each receplor relains 1he
beta chain of the seleeted clone, but the gamma chain is repined
by one of a variety of alpha chains {solid color). The modifisd |
cells respond to a seH-NHC pratein in combination with an antigea

i that we call the
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riod of residence in the thymus, and it
is during this period of “thymic educa-
fion” that T cells come to recognize

‘nfigens 6aly in cdmbination with the

individual's own MHC proteins. No
definitive explanation of thymic edu-

-cdtion has been given, but many im-

munologists agree that the crucial step
must be selection of a subpopulation
of immature T cells through their in-
teraction with self MHC proteins dis-

£ played to them by thymic cells. Ac-
nize two sur-

Jestion arises
iparate recep. 8
‘tion receplor.
5 secm lo fa- §

cording to one model, each immature
Tceli responds to just one MHC pro-

_tein (or to a small group of them), but

the total population includes cells re-
sponsive to all possible markers. In the
thymus only those cells that have sulli-
cient affinity for the native MHC
proteins are allowed to propagate and
continue their differentiation.

For this scheme to work immature 7
cells must be able to recognize and re-
spond to MHC molecules alone, with-
out an accompanying antigen. When
the mature T cells are released from
the thymus, they have obviously lost
that capability; otherwise they would
be apgressive against the body's own
tissues. What is the biochemical basis
of the change in reactivity? Recent
studies indicate that in immature T

¥ cells the alpha gene is expressed at low
¥ levels, whereas the beta and gamma
£ genes produce larger quantities of pro-

tein. On the basis of these findings Da-

¢ vid Raulet of M.LT. and T have pro-
. posed a model of T-cell development
= that we call the gamma-beta-to-alpha-
£ beta switch.

In the model immature cells have

5 receptors made up of a gamma chain

end a beta chain and are responsive

= to MHC proteins alone. In the course
e of differentiation the gamma gene is
' turned off and the alpha gene is turned

on, so that mature cells have alpha-
beta receptors. The change reduces the

o cell's affinity for self MHC proteins
- but, because the beta chain is still pres-
‘B ent, does not extinguish it entirely. An
g4 analogous mechanism operates in red
i blood cells when they switch from the
t fetal to the adult form of hemoglobin.

Our proposal for the gamma chain’s

¢ function has not yet been tested, but
i the tools are now in hand to settle this
® question and many others about the
g nature of the T-cell receptor. Ideally,
E structural and genetic studies would
' yield an understanding of these mole-

cules at the same level of detail that
can now be given [or the immunoeglob-

If o selected & ulins. At that poinl one might hope {0

resolve some of the major remaining
enigmas of immunology: how T lym-
phocytes develop in the thymus, how
they recognize their target cells and

mune system.
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