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The Biology of the Immune System

David P. Huston, MD

Intact immunity is fundamental for survival. The human immune system has
evolved with the sophisticated biologic capacity to distinguish seif from nonself
and for memory through the process of clonal expansion. The ability to distin-
guish even subtle differences from self, and among myriad antigens, is possible
by the rearrangement of genes that encode immunoglobulins and T-cell recep-
tors, as well as by the requirement for T cells to recognize antigens in the con-

text of presentation by HLA molecules encoded within the major histocompat-
" ibility complex. Modulation of immune function initiated by antigenic stimulation
and cell-cell interactions is facilitated by a plethora of soluble mediators such
as cytokines. This overview of the biology of the immune system provides a
framework for understanding physiologic immune responses and how lacunar
defects within the immune system explain the pathogenesis of immunologic
disorders. Through such understanding, potential targets can be identified for
therapeutic modulation of the immune system.

THE RAISON D’ETRE of the immune
systemisto distinguish self fromnonself
and thereby enable survival in a hostile
environment. The ontogeny of this host
defense system begins during the first
month of gestation with hematopoietic
stem cellslocated inthe yolk sac.! By the
third month of gestation, hematopoiesis
occurs predominantly in the liver until
the skeletal elements are formed. There-
after, bone marrow is the major site of
hematopoiesis. The hematopoietic stem
cells differentiate into granulocytes,
monocytes, and lymphocytes, as well as
megakaryocytes and erythrocytes (Fig-
ure 1-1). Beginning 2 months into gesta-
tion, lymphocytes destined to become T
cells emigrate from the bone marrow
into the developing thymus for their fur-
ther maturation. The maturation of B
lymphocytes oceurs in bone marrow un-
der the influence of the stromal reticular
cells. By birth, the immune system has
developed into a sophisticated network,
connecting central locations of immune
cell production with peripheral tissues
for immune surveillance. These periph-
eral components of the immune system
include the blood, thymus, lymphatic
system, spleen, skin, and mucosa. Host
defense is the culmination of elegantly
orchestrated cellular and molecular in-
teractions within the immune system
and between theimmune systemand the
rest of the body. The following overview
of this complex subject was synthesized
from articles available through the
MEDLINE database and textbooks.
References selected for this article were
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chosen for their scientific impaect in im-
munology and their clarity,and arebut a
sample of the relevant literature.

DISCRIMINATION OF SELF
FROM NONSELF

Survival requires both the ability to
mount a destructive immune response
against nonself and the inability to mount
a destructive immune response against
self. The inability toreact to selfis known
as tolerance. Tolerance implies that host
lymphocytes are not activated by inter-
action with self tissues. The inability to
pathologically respond to self that is ac-
quired during B-cell or T-cell ontogeny is
known as central tolerance. The inability
of mature T cells and B cells to pathologi-
cally respond to self is known as periph-
eral tolerance. Accordingly, autoimmu-
nity defines a state in which tolerance to
self is lost.? If such activation by self oc-
curs with sufficient magnitude and for
sufficient duration, then host tissue dam-
age occurs. However, not all autoimmune
responses are harmful. For example, T
cells recognize antigen in the context of
also recognizing self major histocompat-
ibility complex (MHC) molecules.? Like-
wise, antibody specificity for autologous
immunoglobulins (Ig) is one component
of immunoregulation known as the anti-
idiotypic network.® Pathologic immune
responses may also be the consequence of
abystander effect from a physiologic pro-
tective immune response. Balanced be-
tween tolerance and immunity is sur-
vival.
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INNATE AND ADAPTIVE IMMUNITY

Antigen-nonspecific defense mecha-
nisms that are used by the host immedi-
ately or within several hours of encoun-
tering antigen are referred to as innate
immunity.t These include physical bar-
riers,suchas epithelium, fatty acids, mu-
cus, and cilia; soluble factors, suchas pro-
teins of the complement cascade, chemo-
kines (that induce leukocyte migration),
and cytokines (that modulate leukocyte
function); and leukocytes other than T
cells and B cells. These innate immune
responses are activated in response to
inherent or elaborated chemical proper-
ties of the insulting agent.

Antigen-specific defense mechanisms
are dependent on adaptive immunity an-
chored by T cells and B cells.5" Initiation
of adaptive immune responses requires an-
tigen processing, recognition of antigenic
epitopes by T cells and B cells, and clonal
expansion and differentiation of these an-
tigen-specific lymphocytes into effec-
tors.? The potential repertoire for antigen-
specificreceptors expressed on T cells and
B cells is the result of random rearrange-
ment of the genes encoding the T-cell re-
ceptor (TCR) and Ig, respectively.®'* The
capacity for Ig genes to undergo somatic
mutation further enhances the fine speci-
ficity and affinity of antibodies. How-
ever, TCR genes do not undergo somatic
mutation since their specificity, selected
for during thymic ontogeny, must be re-
tained for maintenance of self-nonself dis-
crimination. Another hallmark of adap-
tive immunity is the capacity for memory,
which enables the host to mount a more
rapid immune response on reexposure to
the same antigen. The central principle of
adaptive immunity and the basis for im-
munologic memory is the antigen-driven
clonal expansion of T cells and B celis.

Innate and adaptive immunity are not
mutually exclusive mechanisms of host
defense. Rather, they are complemen-
tary,® with lacunar defects in either sys-
tem resulting in host vulnerability. The
interplay of innate and adaptive immu-
nity is exemplified by Ig activation of
complement via the classic pathway and
by the elaboration from phagocytic leu-
kocytes of chemokines and cytokines
that attract and modulate T-cell and B-
cell activation and function.
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LEUKOCYTE POPULATIONS

The leukocyte constituents of the im-
mune system include granulocytes, spe-
cialized antigen-presenting cells, and
lymphocytes.! A number of phenotypic
markers are used to characterize and dis-
tinguish leukocyte subsets and functions.
The International Workshop on Human
Leukocyte Differentiation Antigens pro-
vides oversight for assignment of leuko-
cyte differentiation antigens with a clus-
ter of differentiation (CD) number.? Des-
ignated CD molecules now total 166, and
current updates are available on the
World Wide Web at http://www.ncbi.
nlm.nih.gov/prow.

Granulocytes include neutrophils, eo-
sinophils, basophils, and mast cells. Neu-
trophils, monocytes, and macrophages
are important effectors for phagocyticde-
struction of antigens targeted by anti-
body and complement and predominate
in acute inflammatory responses, espe-
cially against extracellular bacteria and in
immune complex-mediated diseases. Eo-
sinophils are specialized for destruction of
helminths and other parasites and partici-
pate in late-phase allergic inflammation.
Basophils and mast cells are distinct lin-
eages that both express cell surface high-
affinity receptors for IgE (FceR1) and
serve a central role in immediate hyper-
sensitivity immune responses.

Leukocytes specialized for processing
and presenting antigen for adaptive im-
mune responses include monocytes,
macrophages, Langerhans cells, Kupffer
cells, and dendritic cells.!® All these cell
populations express both class I and
class IT MHC molecules for use in dis-
playing antigen processed through al-
ternative intracellular mechanisms for
recognition by TCR.34 Macrophages
and monocytes participate in inflamma-
tory and often granulomatous immune
responses throughout the body, while
Langerhans cells and Kupffer cells pro-
cess antigen encountered in the skin and
liver, respectively. Dendriticcellsreside
predominantly within the lymphoid tis-
sues and are the most potent antigen-
presenting cells. B cells also have the po-
tential to process and display antigen in
the context of MHC molecules following
internalization of antigen engaged by
their membrane Ig.

Lymphocytes consist of 8 major popu-
lations: T cells, B cells, and natural killer
cells.! T cells are phenotypically defined
by their cell surface expression of a trans-
membrane heterodimeric receptor,
known as the TCR, that binds antigen
properly displayed by antigen-present-
ing cells,2314 B cells are phenotypically de-
fined by their cell surface expression of
transmembrane Ig that can bind unproc-
essed antigen independent of antigen-
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Figure 1-1.—Differentiation of hematopoistic stem cells. Pluripotent stem cells differentiate into lymphoid stem
cells or myeloid stem cells. T, natural killer (NK), and B lymphocytes are derived from lymphoid stem celis.
Myeloid stem cells differentiate.into lineage-specific precursors that are colony-forming units (CFUs). Neutro-
phils, monocytes, and macrophages differentiate from a common granulocyte monocyte CFU (CFU-GM). Eo-
sinophils (Eo), basophils (Baso), and mast cells (MC) differentiate from distinct CFUs, as do the nonleukocyte
hematopoietic cells, megakaryocytes (Meg) and erythrocytes (E). Modified with permission from Nelson.?

presenting cells.!* T-cell receptors and Ig
are the products of rearranging genes and
are unique to T cells and B cells, respec-
tively, and provide specificity for anti-
genrecognition.*'* Natural killer cells are
morphologically large granular lympho-
cytes and are phenotypically defined
by the absence of either transmem-

brane cell surface TCR or Ig and the pres- .

ence of the cell surface molecules CD16
(FcyRIII the receptor for the Fe re-
gion of secreted IgG) and CD56 (the neu-
ral cell adhesion molecule-1)."5T cells and
B cells are responsible for clonally spe-
cific immune responses, while natural
killer cells provide innate cytotoxic im-
mune responses directed against virus-
infected cells and tumor cells. Natural
killer cells also cooperate with adaptive
immune responses through Fc-bound IgG
and the production of cytokines.®

MHC AND ANTIGEN PRESENTATION

The MHC encodes the human leuko-
cyte antigens (HLA), which are the mo-
lecular basis for T-cell discrimination of

self from nonself. Structurally, there are 2
classes of HLA molecules (Figure 1-2).
Class I HLA molecules are cell surface
heterodimericstructures. The a chainis a
44-kd, highly polymorphic glycoprotein
encoded within the MHC on chromosome
6. This o chain noncovalently associates
with Be-microglobulin, a 12-kd, nonpoly-
morphic glycoprotein encoded by a non-
HLA gene on chromosome 15." Class I1
HLA molecules are also cell surface het-
erodimeric structures, composed of 34-kd
a chains and 29-kd B chains, both of which
are encoded within the MHC.”® The con-
formation of class I and class II HL A mol-
ecules provides each with a groove in
which linear peptides, 8 to 25 amino acids
inlength, are displayed for recognition by
the TCR.! The TCR recognizes a com-
posite of the antigen and the HLA mol-
ecule, and is referred to asrecognizing the
antigen in the context of self.

Class | HLA Molecuiles

There are 3 major class I genes, desig-
nated HLA-A, -B, or -C. More than 50 al-
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Figure 1-2.—Structure of HLA molecules. Class | HLA molecule (A: side view of a1, a2, and «3 domains in noncovalent association with B.-microglobulin [8.m};
an endogenously derived linear peptide antigen [yeliow] is displayed in the groove formed by the a1 and «2 domains for recognition by the T-cell receptor [TCR]
of an antigen-specific CD8* T cell; B: top view of a1 and a2 domains; the region of the class | HLA molecule recognized in conjunction with the linear antigenic
peptide by the TCR V, and V, chains is outlined by the rectangle; C: lateral view of a1 and a2 domains). Class Il HLA molecuie (D: side view of a1, a2, 1, and
B2 domains; the exogenously derived linear peptide antigen is displayed in the groove formed by the a1 and g1 domains for recognition by an antigen-specitic
CD4* T cell; E: top view of a1 and B1 domains, which contain a linear peptide in the antigen-binding groove; F: lateral view of a1 and 1 domains). Arrows in B,
C, E, and F indicate high points on the topography of the HLA molecules that are fikely to be important for engagement with the TCR. Modified with permission

from Bjorkman,'®

leles have been defined for the HLA-A
gene, more than 75 alleles have been de-
fined for the HLA-B gene, and more than
30 alleles have been defined for the
HLA-C gene.” Assuming a different al-
lele for each gene pair, an individual will
express 2 HLA-A, 2 HLA-B, and 2
HLA-C molecules, for a total of 6 distinct
class I HLA molecules (Figure 1-3). The
antigen-binding groove in each of these
class I HL.A molecules can accommodate
alarge array of antigenic peptides, each of
which fitsinto the antigen-binding groove
in a unique configuration.!s"

Virtually all nucleated cells of the body
display transmembrane class I HL.A mol-
ecules in association with the nontrans-
membrane B,-microgiobulin molecule.
The extracellular region of each HLA-A,
-B, or -C molecule has 3 domains, desig-
nated al,a2,and a3.2*' The antigen-bind-
ing groove is formed by the a1 and o2 do-
mains. Residuesinthe a3 domaininteract
with CD8 molecules, thereby restricting
TCR recognition of antigen displayed in
the context of autologous class I HLA
molecules to CD8* T cells.Z

Antigenic peptides displayed in the
groove of class I HLA molecules are hy-
drolyzed from proteins synthesized
within antigen-presenting cells and are
therefore referred to as endogenous an-
tigens (Figure 1-4).#3143 The hydrolyzed
peptides complex in the eytoplasm with
transport-associated proteins that direct
the peptides to the endoplasmic reticu-
lum. There they are loaded into the bind-
ing groove of class I HLA molecules and
transported through the Golgi apparatus
intoexocytotie vesicles for cell surface ex-
pression. Endogenous synthesis of pro-

teins indicates the intracellular presence
of the genes encoding them. This is con-
sistent with the specificity of CD8* T cells
for viruses, intracellular bacteria, and tu-
mor antigens. An exception to CD8* T-
cellrecognition of antigens presented only
in the context of autologous class I HLA
moleculesistheability of host CD8* T cells
to directly recognize donor class ] HLA

molecules during allograft rejection. In

these allogeneic responses, the TCR is
thought to recognize the allogeneic non-
self class ] HLA molecules as altered self.

Class II HLA Molecules

There are 3 major categories of class

I1 HLA molecules, designated HLA-
DR,-DQ, and -DP.'*®Boththe a and the

B chain for each of these heterodimeric

structures are encoded within the MHC
and expressed as transmembrane pro-
teins. The HLA-DR subregion of the
MHC encodes 1 nonpolymorphic a chain
and 2 polymorphie 8 chains. The HLA-
DQ subregion of the MHC encodes 1
polymorphic a chain and 1 polymorphie
8 chain. The HLA-DP subregion of the
MHC encodes 1 nonpolymorphic a chain
and 1 polymorphic B chain. Assuming a
different allele at each polymorphicgene
pair, an individual can express 10 forms
of class II HLA molecules (4 DR, 4 DQ,
and 2 DP), each of which is capable of
displaying a large array of linear anti-
genic peptides (Figure 1-3).

The extracellular region of each class I1
HLA chain has 2 domains, designated a1,
o2 and Bl, B2.® The antigen-binding
groove is formed by intermolecular asso-
ciation of an al and a B1 domain (Figure
1-2). Therefore, both chains contribute to
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the antigen recognition complex for TCR.
Residues in the B2 domain interact with
CD4 molecules,®* thereby restricting
TCR recognition of antigen displayed in
the groove of class II HL A molecules to
CD4* T cells. Class II HLA molecules are
constitutively expressed only on mono-
cytes, macrophages, dendritic cells,and B
lymphocytes. However, class II HLA
molecules can be expressed by virtually
all nucleated cells stimulated with inter-
feron y (IFN-y).®

Antigenic peptides displayed in the

. groove of class 11 HL.A molecules are de-

rived from proteins phagocytosed or en-
docytosed by antigen-presenting cells

-(Figure 1-4).84%4 These exogenous anti-

gens are hydrolyzed within endosomes

.where the linear peptide fragments are

loaded into class II HL. A moleculesinthe
endosome membrane by concomitant
degradation of an invariant chain that oc-
cupies the antigen-binding groove prior
to peptide loading. Fusion of the endo-
some with the plasma membrane results
in cell surface display of the linear pep-
tide in the context of the class II HLA
molecule. Exogenous antigens include
most bacteria, parasites, and virus par-
ticles released from other cells.

HLA and Disease

The capacity of an individual to mount
an immune response to antigens that are
recognized in the context of HL.A mol-
ecules is inherently dependent on the po-
tential of their HLA antigen-binding
grooves to accommodate the linear pep-
tides derived from a complex antigen. Dif-
ferences as subtle as a single amino acid
substitution at a critical residue ofan HLA
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Figure 1-3.—Repertoire of HLA molecules. An individual's cells can express 6 class | HLA molecules (HLA-
A, -B, -C) and 10 class Il HLA molecules (HLA-DR, -DQ, -DP). Each shaded oval represents a domain
within an HLA molecule. The class | HLA molecules ali contain 3 domains and are expressed in association
with B,-microglobulin. Each parental HLA complex contributes * HLA-A (dark and light gray), 1 HLA-B (dark
and light brown), and 1 HLA-C molecule (dark and light green). p.-Microgiobulin is nonpolymorphic and is
shown as a white oval. The class H HLA molecules are heterodimers formed by a 2-domain « chain and
a 2-domain B chain. Because the DR« and DPa chains are nonpolymorphic (iflustrated by the same dark-
blue shading for paternal and maternal DR« chains and the same orange shading for paternal and maternal
DPa chains), the highly polymorphic DR (iflustrated by 4 shades from red to pink) and DPg {dark and light
yeliow) chains determine the total number of DR molecules (4) and DP molecules (2); thus, each parental
HLA complex contributes 2 DR molecules formed by 1 nonpolymorphic DRa chain in association with either
of 2 polymorphic DRB chains from each parental HLA complex; and, each parental HLA complex contrib-
utes 1 DP molecule formed by the association of the nonpolymorphic DPa chain with the polymorphic DPg
chain encoded on either parental HLA complex. The DQa and DQB chains are both polymorphic (iliustrated
by different shading for paternal and maternal DQa and DQp chains), thereby providing the options for cis
and trans association ot the DQa and DQB chains for a total of 4 HLA-DQ molecules; thus, each parental
HLA complex contributes 1 DQ molecule formed by association of the DQa chain and DQB chain encoded
on the same chromosome. Two additional DQ molecuies are formed by association of the DQa chain from
each parental chromosome with the DQB chain from the other parental chromosome. Molecules derived
from the paternal HLA complex are illustrated with thicker borders than the molecules derived from the
maternal HLA complex. ' '
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Figure1-4.—Antigen processing. Endogenously derived linear peptides are transported from the cytoplasm
to the rough endoplasmic reticulum (RER) where the peptides are inaded into the antigen (Ag)-binding
groove of a class | HLA molecule, which is subsequently expressed on the cell surface in association with
B.-microglobulin (8,m). Exogenously derived antigen is hydrolyzed within lysosomes into linear peptides that
replace an invariant chain in the antigen-binding groove of a class 1l HLA molecuie, which is subsequently
expressed on the cell surface. Modified with permission from Goodman.®

molecule can alter the ability to bind an-
tigenic peptide fragments and change an
individual from an immune responder to
an immune nonresponder or low re-
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sponder. For example, in a subset of pa-
tients with juvenile-onset diabetes, dis-
ease susceptibility islinked tothe absence
of aspartate at position 57 in polymorphic

forms of DQP chains.Z# Conversely, nox
mal or decreased susceptibility to this dis
ease is conferred by having aspartate a
position 57in these DQB chains. More tha
100 diseases have been associated with par
ticular HL.A haplotypes, and the strengt]
of this association ean be calculated to yiek
a relative risk.® One of the highest rela
tive risks is for ankylosing spondylitis i1
HLA-B27* Caucasian Americans, who art
approximately 90 times more likely to de
velop the disease than those whoare HLA:
B27- 33! The relative risk for developing
rheumatoid arthritis is significantly in-
creased in individuals whose HLA-DR #
chains share an 8-amino acid sequence
from residues 67 to 74 in the HLA-DR4 B
chain.®% The potential to mount a protec-
tiveimmune response toinfectious agents
or vaccines has also been linked to an in-
dividual’s HL A haplotype and has impor-
tant epidemiologic implications for immu-
nization strategies.

Non-HLA Presentation of Antigen

Unlike conventional peptide antigens
that are presented by class I and class IT
HLA molecules to CD8* and CD4* T lym-
phocytes, respectively, neither class I nor
class IT HLA molecules are knownto pre-
sent carbohydrate or lipid antigens. None-
theless, our immune system can discrimi-
nate self and nonself polysaccharides (eg,
ABO blood group system antibodies). In
addition, CD4-CD8" T cells constitute a dis-
crete subpopulation (approximately 5%-
10%) of circulating T cells. It is now es-
tablished that the TCR on'CD4-CD8- T
cells are capable of recognizing lipid or li-
poglycan antigens presented by CD1mol-
ecules.¥* These CD1 molecules are a fam-
ily of nonpolymorphic, B,-microglobulin—~
associated glycoproteins expressed on
most antigen-presenting cells. There are
5 different isotypes of CD1, and they are
conserved in mammalian species with
structures similar to class I MHC o1 and
a2 domains. CD1 presentation of nonpep-
tide antigens has been proposed as a
mechanism toenhance the ability of theim-
mune system to recognize microbial
lipids.

T LYMPHOCYTES

The specificity and sensitivity of T cells
for recognition of the antigenic trimolecu-
lar complex posed by a peptide in the an-
tigen-binding groove of an HLA mol-
ecule are the property of the TCR 345 Key
to an individual developing a competent
and protective repertoire of T cells is the
process of positive and negative selection
that occurs in the thymus during T-cell on-
togeny (Figure 1-5).%4! In the cortical re-
gion of the thymus, T cells whose antigen
receptor fails to bind to self-HLA mol-
ecules are programmed to die by apopto-
sis, whereas T cells whose antigen recep-

Biology of the Immune System 1807



Thymus

[ Cortex

-

Apoptosis

Q Posmve Selection
(Afﬂmty for HLA)

CD3—
CD4—

cDs—
TCR—

A

Medulla I

H| h Affinity for
+SelfAg 77N,

! §
‘\\-—’,
Apoptosis

Negative Selection

TCR wp*

cD3*
CcD4—
cDs*
TCR a/B*

-0

cD3*
CD4—
cos—
TCR y/6*

Figure 1-5.—Intrathymic maturation of T lymphocytes. Approximately 95% of lymphocytes undergoing the
maturation procaess in the thymus never complete maturation and die by apoptosis within the thymus. Initial
survival within the thymic cortex depends on the ability of the T-cell receptor (TCR) to recognize self-HLA
molecules (positive selection). However, if cells with such TCR engage, with high affinity, autoantigens dis-
played by self-HLA while in the thymic medulla, then such autoreactive T cells are also eliminated by apop-
tosis (negative selection). The vast majority of mature T cells emerging from the thymus for population of
peripheral blood and lymphoid organs are TCR o/B* with a CD4*/CD8- ratio of approximately 2:1. Molecules
expressed on the T-cell surface are shown in boldface and molecules not expressed on the T-cell surface
are shown in lightface. Some thymocytes rearrange the y and 8 TCR genes to form TCR v/8* T cells that

are usually CD4-CD8-. Ag indicates antigen.

tor binds to self-HL A molecules survive
(positive selection) and migrate to the me-
dulla of the thymus. Inthe medulla, T cells
whose antigen receptor binds with high af-
finity to self-HLA molecules displaying au-
toantigens undergo apoptosis (negative se-
lection). Approximately 5% of thymocytes
survive both positive and negative selec-
tion and emigrate as mature T cells. Ap-
proximately 756% of peripheral blood mono-
nuclear leukoeytes are T cells.

T-Cell Antigen Receptor Complex

The TCR is a disulfide-linked het-
erodimer expressed on T cells early dur-
ing intrathymic ontogeny in association
with several signal-transducing trans-
membrane molecules known as the CD3
complex.! Approximately 90% of mature
T cells use 1 « chain and 1 8 chain to form
the TCR.%% The remaining mature T
cellsuse 1+ychainand 15 chain to formthe
TCR.% Both pairs of TCR heterodimers
are the transmembrane products of rear-
ranging genes that provide clonal diver-
sity by random juxtapositioning of dis-
continuous gene segments encoding vari-
able, diversity (for the B and  chains),
joining, and constant region loci.*** The
extracellular region of each chain has 2
domains. The amino-terminal (or vari-
able) domain is encoded by the gene se-
quence established by the juxtaposed ex-
ons from the variable, diversity (for the g
and 3 chains), and joining loci. A variable

domain is highly polymorphie and pro-
vides clonal specificity for antigen. The
carboxy terminal (constant) domain is
encoded by an exon from the constant
region locus. A constant domain is mono-
morphic and provides a structural scaf-
fold for the antigen-binding variable do-

main. The estimated number* of possible -

TCR o/ specificities is 10* and of pos-
sible TCR /6 specificities is 10'%, The

TCR is noncovalently associated withthe

CD3 complex, which is composed. of 3

pairs of dimers, to form the TCR complex

(Figure 1-6).%4¢ The CD3 subunits are
designated v, 8, and €. These subunits are
organized as vy/e and d/e heterodimers
that associate with a {/{ homodimer from
the FeyR family of proteins and trans-
duce signal after the TCR binds antigen.
T-cell activation requires more than
signaling through the TCR complex.*” In
fact, TCR complex signaling alone can re-
sult in T-cell anergy (Figure 1-7). Anim-
portant costimulatory second signal for T-
cell activation is ligation of the CD28 T-
cell surface molecule by the CD80or CD86
cell surface molecules expressed by the
antigen-presenting cell (Figure 1-7).%4°

T-Cell Subpopulations

Mature TCR o/B* cells are phenotypi-
cally composed of 2 major subpopula-
tions defined by cell surface reciprocal
expression of CD4 or CD8.3+! During
intrathymic ontogeny, most developing

1808 JAMA, December 10, 1997—Vol 278, No. 22

TCFl

CDS 003 CD3 CD3

L

Figure 1-6.—T-cell receptor (TCR) complex. The
antigen-binding TCR is either an /B or a /8
heterodimer. Signal transduction requires the as-
sociated CD3 ¢/y and CD3 ¢/ heterodimers and the
¢/t homodimer.

T cells progress through stages in which
the cells are sequentially CD4-CD8-,
then CD4'CD8‘, and then either
CD4+CD8- or CD4-CD8* (Figure 1-5).
CD4*CD8- T cellsrecognize antigen pre-
sented in the context of class IT HLA
molecules and CD4-CD8* T cells recog-
nize antigen presented in the context of
class I HLA molecules.®* Approxi-
mately two thirds of peripheral blood T
cells are CD4* and approximately one
third are CD8".

Approximately 5% to 10% of periph-
eral blood T cells are CD4-CDS8". The li-
gand for these cells is poorly defined, but
includes nonclassic MHC molecules,
whose genes are being defined, as well as
non-MHC-encoded but structuraily
MHC-like molecules, such as CD1, which
is coexpressed with B.-microglobulin and
serves as an antigen-presenting molecule
for glycolipids produced by mycobacteria
and nocardia species. 5%%

_ Functionally, T cells can be defined by
their capacity to modulate immune re-
sponses by help or suppression or to ef-
fect cytotoxic immune responses. Al-
though helper function is often associ-

- ated with CD4* T cells and suppressor

and cytotoxic function is often associ-
ated with CD8* T cells, these correla-
tions are not absolute. T cells can also be
categorized by the profile of cytokines
they produce (Figure 1-8).%2Naive T cells
produce interleukin (IL) 2 upon activa-
tion, and then differentiate into sub-
populations that produce distinet com-
binations of cytokines. Of the plethora of
cytokines identified, 2 major reciprocal
patterns of cytokine production have
emerged to help elucidate the mechanis-
tic basis for clinically distinet inflamma-
tory responses.® T cells that produce
predominantly IL-2, IFN-y, and tumor
necrosis factor B (TNF-B) are referred
to as Tyl cells. T cells that produce pre-
dominantly IL-4, IL-5, IL-9, IL-10, and
IL-13 arereferred to as T2 cells. Produc-
tion of IL-12 by macrophages during an-
tigen presentation drives T-cell differen-
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Figure 1-7.—T-lymphocyte activation. The T-cell receptor (TCR) recognizes antigen (Ag) presented in the
context of HLA molecules. T-lymphocyte activation requires complex signaling through both the TCR com-
plex and ligation of CD28 by CD80/86 on the antigen-presenting celi (APC). Lack of the CD28 costimulatory

signal results in anergy rather than activation.
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‘J (Other T Cells)
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Figure 1-8.—Differentiation of Ty1 and T2 lympho-
cytes. Interleukin (IL) 12 and interferon (IFN) v in-
duce the differentiation of Ty1 cells, and IFN-y an-
tagonizes the differentiation of T2 cells. Interleukin
4 induces the differentiation of Tu2 cells and an-
tagonizes the differentiation of T,1 cells. Tu1 cells
induce cell-mediated infiammation, and T.2 cells
induce humoral-mediated allergic inflammation.
TNF indicates tumor necrosis factor.

tiation toward Tyl cells, for which IFN-y
isan autocrine agonist for Ty1 cells and an
antagonist for Ty2 cells. Conversely, IL4
enhances the differentiation of T2 cells
and antagonizes the differentiation of Ty1
cells. The consequence of these reciprocal
cytokine patternsis the generation of cell-
mediated immune responses by Ty1 cells

and ofhumoral allergicimmuneresponses

by Tx2 cells. Both CD4* T cells and CD8*
T cells can exhibit Tyl or Ty2 cytokine
profiles.

Superantigens

Conventional antigens are presented
to T cells as linear peptides displayed
within the antigen-binding groove of
HLA molecules.®!®!* Superantigens are
bacterial or retroviral productsthat bind
directly to class II HL A molecules out-
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side the antigen-binding groove and
without intracellular processing.* Su-
perantigens stimulate both naive and
memory T cells by also binding to TCR
outside their conventional antigen-bind-
ing site (Figure 1-9), with specificity for
TCR B chain variable region residues
conserved within a family or families of
TCR B chain genes. Hence, the number
of T cells stimulated by a superantigenis
determined by the number of T cells us-
ing that family of TCR variable region
genesratherthanby the size ofa clonally
restricted population of T cells respond-
ing to conventional antigen. Prototype
superantigens include many of the
Staphylococcus aureus exotoxins and
products of Streptococcus pyogenes,
Yersenia enterocolitica, and Myco-
plasma arthritidis. The plethora of cy-
tokinesreleased by the poly¢lonal stimu-
lation of 10% to 20% of T cells by some
superantigens is responsible for clinical
conditions such as toxic shock syndrome
and has been hypothesized as a mecha-
nism for activation of some autoimmune
diseases.

B LYMPHOCYTES

The hallmark of B cells is their pro-
duction of Ig. During B-cell ontogeny,
the stages of B-cell maturation can be
identified by progressive rearrange-
ment of the Ig heavy and light chain
genes and by distinct changes in cell sur-
face phenotype (Figure 1-10).65% B-cell
maturation depends on bone marrow
stromal cells and stromal cell-produced
IL-7.% Immature and mature B cells ex-
press CD19 and CD20. Immature B cells
also express CD10 and subsequently
transmembrane IgM. Mature B cells
cease expression of CD10 and coexpress
transmembrane IgM and IgD, Approxi-
mately 15% of peripheral blood mono-
nuclear leukocytes are B cells.

APC
Class Il HLA

Superantigen

TCR Complex
T-Cell Activation
]

Figure 1-9.—Superantigen activation of T lympho-
cytes. Superantigens activate T lymphocytes by
engaging the T-cell receptor (TCR) and the class |
HLA molecule at sites distinct from the conventiona
antigen (Ag)-binding groove. APC indicates
antigen-presenting cell.

Immunoglobulin and the B-Cell
Antigen Receptor Complex

The basic structure of Ig is 2 identical
disulfide-linked heavy chains to each of
which is disulfide-linked an identical k or
A light chain (Figure 1-11).%6' The anti-
gen specificity of an antibody resides in
the highly polymorphic amino-terminal
variable region of each heavy (Vy) and
light (V) chain that, as a pair, form an
antigen-binding site. The carboxy ter-
minal (F¢) region of the heavy chains of
Ig provide functional attributes for ef-

- fecting antibody-dependent immune re-

sponses, such as complement fixation
and binding to cell surface Fe receptors.

Ig heavy chains are encoded on chro-
mosome 14, The Ig« light chainisencoded
on chromosome 2 and the Ig A light chain
isencoded onchromosome 22. Rearrange-
ment of exons within an Ig gene is re-
quired for successful production of Ig
heavy and light chains.”® The variable re-
gion of an Ig heavy chain is the product of
3 exons randomly juxtaposed from the
variable, diversity, and joining gene loci
located at the 5’ end of the Ig heavy chain
gene (Figure 1-12).% The variable region
of an Ig light chain is the product of 2 ex-
ons randomly juxtaposed from the vari-
able and joining gene loci located at the 5’
end of the k chain gene or the A chain gene.
These gene rearrangements, which en-
code sequences for the variable region of
Ig heavy chains and Ig light chains, are
the basis for generating a repertoire of
antibodies with approximately 10! anti-
gen specificities.

The constant region of a light chain is
derived from asingle k or A constant exon
located at the 3’ end of their respective
gene. By contrast, the 3’ end of the Ig
heavy chain gene contains exons that en-
code for 9 different constant regions that
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Figure 1-10.—B-cell differentiation from bone marrow stem cell to immunoglobulin (Ig)~secreting plasma cell. Correlation is made between the stages of B-celi de-
velopment, Ig gene rearrangements, and the surface expression of ig and B-celi markers. D-J, V-DJ, VDJ,, and VDJ,; indicate initiation of ig heavy chain gene
rearrangement on the 14th chromosomes; TdT, terminal deoxynucleotidyl transferase, an intracellular enzyme; MHC, major histocompatibility complex; mRNA,
messenger RNA; and VJ, and VJ,, initiation of Ig light chain gene rearrangements on chromosomes 2 and 22, respectively. Modified from Huston et al** with per-

mission from the American Academy of Allergy, Asthma, and immunology, Milwaukee, Wis.

Ag Binding

switching from the IgM and IgD isotypes
that characterize a naive mature B cell is
T cell dependent and occurs at the DNA
level by deletion of sequences between
the expressed and the to-be-expressed

exon. The rearranged 5’ Ig heavy chain -

gene sequence encoding the Ig heavy

heavy and light chain variable regions.
Where these somatic mutations result in
Ig with greater antigen specificity, those
daughter clones are preferentially ex-
panded and produce antibody with higher
affinity. This process of clonal expansion
and somatic hypermutation occurs within

Variable | 7 Fab) chain variable region does not furtherre-  the germinal centers of lymphoid organs.
Region 2 arrange withisotype switching. Thus, an- .
8 - tigen specificty i maintained yegardless  T-Cell-Dependent Stimulation
of the Igheavy chainisotype. Thebiologic - ©f B Cells

Constant Fc properties of each of the Ig isotypes are T cells direct Ig isotype switching
Region (.v.®)  summarized in the Table. through a series of cell surface molecular
B-cellmembrane Igandsecreted Igare  interactions with B cells (Figure 1-14),
R . the alternative products of the differen-  resultinginreciprocal intracellular signal-
TR tially spliced Ig heavy chain gene (Figure  ingand T-cell elaboration of cytokines.

Figure 1-11.—Basic structure of immunoglobulin.
The light (L) chains each contain 1 variable (V) and
1 constant (C) domain. The heavy (H) chains each
contain 1 V region and either 3 C domains for , y, and
o or 4 C domains for g and e. The antigen (Ag)~
binding specificity is created by the conformation and
sequence of the Vi and V, domains. Biologic activity
is determined by the Fc region and varies for each
isotype. Each of the antigen binding sites are referred
to as a Fab region, and together as F(ab’),.

define an antibody as IgM, IgD, IgG3,
1gGl, IgAl, IgG2, IgG4, IgE, or IgA2
(Figure 1-12).19%%& Following rear-
rangement of the variable, diversity, and
joining gene segments, the constant gene
segments for the p and the & exons are
used to produce IgM and IgD.® Isotype

1.12)%86 Upon ligation by antigen,
membrane Ig transduces an intracellular
signal through the membrane Ig-associ-
ated heterodimer Ig-o/Ig-B transmem-
brane proteins (Figure 1-13) that are func-
tionally analogous to the signal transduc-
ing CD3 molecules on T cells. The trans-
membrane Ig and Ig o/ molecules
together form the B-cell antigen receptor
complex.®% Each naive B cell expresses
membrane Ig with a unique (clonal) anti-
gen-binding specificity. When the mem-
brane Ig binds an antigen with sufficient
affinity, clonal expansion occurs for in-
creased production of Ig with that speci-
ficity. Repetitive antigen stimulation is
associated with somatic hypermutation
within the Ig gene segments encoding the
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First, peptideshydrolyzed fromantigens,
internalized by B cells after being bound
by membrane Ig, are presentedinthe con-
text of class I HL A molecules to CD4* T
cells with the appropriate TCR. In addi-
tion to this antigen-specific interaction,
the T-cell CD40 ligand (CD40L) engages
the B-cell CD40 molecule. The absence or
dysfunction of the CD40L-CD40 interac-
tion prevents isotype switching and is
clinically manifest as hyper-IgM immune
deficiency.” Following T-cell activation,
the T cell elaborates cytokines for which
the B cell hasreceptors. T-cell elaboration
of IL-4 induces B-cell switch to IgE and
1gG4,%" % whereas transforming growth
factor B in combination with IL-10induces
switch to IgAl and IgA2%%™ By con-
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Figure 1-12.—Sequential nt of the heavy chain gene exons. The orderly rearrangement of se-
lected exons encoding variable (V), diversity (D), and joining (J) regions allows the transcription of messenger
RNA (mRNA) complementary to a specific VDJ segment along with the p constant (C) region exons. Isotype
switching requires further rearrangement to juxtapose the same VDJ segment with a more 3’ C region gene,
as is demonstrated for switching from y to 4. inset illustrates that membrane-bound or secretory immuno-
globulin can bs produced from the same genes by use of differant stop codons (shown in red) at the 3’ end
of each C region gene. If the first stop codon is used, a short transcript is obtained that is transiated into a se-
cretory protein containing a hydrophilic (-philic) carboxy terminus. Read through of the first stop codon results
in a long transcript in which the hydrophilic coding region is removed by splicing. The ultimate protein product
is anchored to the cell membrane via a hydrophobic (-phobic) carboxy terminus. Modified from Huston et al*
with permission from the American Academy of Allergy, Asthma, and Immunology, Milwaukee, Wis.

Physical and Biologic Properties of Immunoglobulin Isotypes .

-~ "~ ]
Serum Classic/

Molecular Concentration,*

Molecuiar Serum  Alernate C Placental  FcR
isotype Weight,* kd Form mg/mL Hali-life,* d Activationt Transport Binding
gV 900 Pentamer 2 5 - No Yes
igh 180 Monomer 0.3 3 ~/+ No No
gG1 150 Monomer 10 21 e Yes Yes
igG2 150 Monomer 5 21 +/+ Yes Yes
19G3 . 170 Monomer 1 7 ++/+ Yes Yes
IgG4 150 Monomer 0.5 21 ~/+ Yes No
IgA1 160 Monomer 3 7 -+ No Yes'

or dimer
IgA2 160 Monomer 0.5 7 -+ No Yes
or dimer :
IgE 180 Monomer 0.0001 3 /= No Yes
. ]
*Approximate values

1Plus sign indicates activation; minus sign, no activation; and double plus sign, strong activation,

trast, IFN-y antagonizes IL-4-induced
switch to IgE.*

T-Cell-independent Stimulation
of B Cells

In contrast to the T-cell dependency of
B-cell responses to most protein anti-
gens, B cells can be activated and pro-
duce antibodies to some molecules inde-
pendent of T cells.”™ T-independent
B-cell activatorsinclude some polysaccha-
rides, lipopolysaccharides, and polymeric
proteins. By directly responding to these
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molecules, B cells mount a rapid immune
response to pathogens. However, T-
independent B-cell activators are poorin-
ducers of memory B cells and of affinity
maturation of antibodies and do not in-
duce isotype switch, all of which are T-
cell-dependent qualities. Although T-
independent B-cell activators induce
antigen-specific antibodies, these mol-
ecules can also induce antibody produc-
" tion by B cells whose immunoglobulin has
specificity for other antigens. Such poly-
clonal B-cell responses may be associated

with the production of both protective an-
tibodies and autoantibodies. The latter may
lead to transient clinical symptoms char-
acteristic of autoimmune diseases.

INTRACELLULAR SIGNAL
TRANSDUCTION

Transmission of cell surface activation
signals initiated by extracellular engage-
ment of ligands and receptors is accom-
plished through a cascade of metabolic
pathways that ultimately initiate or in-
hibit gene transcription. In general, ini-
tial events in signal transduction involve
the phosphorylation of tyrosines, serines,
and threonines within the cytoplasmicdo-
mains of transmembrane proteins and in
soluble eytoplasmic proteins. Phosphory-
lating enzymes are referred to as kinases
and dephosphorylating enzymes are
known as phosphatases. The serial acti-
vation and inactivation of the signal-
transducing cytoplasmic proteins canlead
to activation of the phospholipase meta-
bolic pathways, changes in intracellular
calcium, and activation of DNA-binding
proteins. Signal transduction in B cells
and T cells, initiated by ligation of their Ig
receptor complex or TCR complex,
respectively, uses what are referred toas
the Sre-family tyrosine kinases.""
Signaling through cytokine receptors uses
the Janus kinases (Jaks) and signal trans-
ducers and activators of transcription
(STATs).®® The importance of these com-
ponents within the signal transduction
pathways are evident by the conse-
quence of their deficiency onimmune func-
tion. In animal models,™ a deficiency of
STAT 1impairs IFN-induced signal trans-
duction, thereby increasing susceptibil-
ity to viral infection; STAT 4 deficiency im-
pairs IL-12 signaling and development of
Tyl cells; and STAT 6 deficiency impairs
IL4 signaling and the development of T2
cells. In humans,®® Jak 3 deficiency im-
pairs signal transduction by the ye¢ cyto-
kine receptor subunit, which is utilized by
thereceptorsfor I1-2, I14,1L-7,11-9,and
IL-15. As with a deficiency of e, a defi-
ciency of Jak 3 results in severe combined
immune deficiency. Since yc is encoded on
the X chromosome, the phenotypic ex-
pression of ye deficiency is X linked,
whereas the phenotype of Jak 3 defi-
ciency is an autosomal recessive form of
severe combined immune deficiency.

COMPLEMENT

Antibody-mediated immunity is facili-
tated by the complement system that con-
sists of plasma proteins activated along
an enzymatic cascade, resulting in a spec-
trum of bioactive molecules that facili-
tate opsonization, osmotic lysis of tar-
geted cells, and recruitment of phagocytic
cells.® Antigen-antibody complexes are
efficient activators of the classic comple-
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Figure 1-13.—B-cell antigen receptor complex.
Transmembrane immunoglobulin binds antigen.
Signal transduction is mediated by the associated
Ig-a/ig-8 heterodimers.

ment pathway that uses C1, C4, and C2
to activate C3 for catalyzation of C5-C9
activation and formation of the mem-
brane attack complex. Independent of an-
tibody, spontaneously activated C3 can
bind to pathogenic organisms and thereby
catalyze the alternative complement
pathway for activation of C5-C9. Cleav-
age of C3is a central event in the comple-
ment cascade and results in the genera-
tion of 2 important bioactive molecules,
C3a and C3b. C3a and the subsequently
generated Cha are potent inducers of
mast cell degranulation, which pro-
motes inflammation, while C3b binds co-
valently to the target cell surface and is
the major mediator of opsonization
through binding to its receptor, CD21,
which is expressed by leukocytes. Defi-
ciencies in C3 or in any of the C5-C8
components are associated with an in-
creased risk for infection with encapsu-
lated bacteria such as Neisseria spe-
cies.® Deficiencies of C4 or C2 are
associated with lupuslike autoimmune
syndromes.®# Deficiency of C1 ester-
ase inhibitor, a serine protease that in-
hibits the spontaneous activation of C1
as well as several proteins in the fibri-
nolytic pathway, results in non-mast cell-
mediated angicedema.® Because eryth-
rocytes express CR1 (areceptor for both
C4b and C3b), deficiency of the red cell
membrane-bound complement regula-
tory proteins (CD59 or decay-accelerat-
ing factor) results in the disease parox-
ysmal nocturnal hemoglobinuria.® Thus,
disorders of the complement system,
which is a major part of the innate im-
mune system, can be manifest as a wide
spectrum of clinical disorders.

CELL ADHESION MOLECULES

The ability of leukocytes to attach to
extracellular matrices and to adhere to
each other are necessary events for nor-
mal immune function.¥” Three families of
adhesion molecules subserve these func-
tions: selectins, integrins, and Ig super-
family adhesion molecules (Figure 1-15).

T Celi

TCR
Complex

TCR and CD4
Engagement
of HLA + Ag
CD28 Engagement
of CD80/86
TCR
Complex
Up-regulation
of CD40L
TCR
Complex

,,,,,

B Cell

S Class I
. HLA
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HLA Presentation

Class Il
HLA
Up:iegulation .
of CD80/86
Class If
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of CD40L
q Class il
g HLA
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Figure 1-14.—Cascade of signaling events used by B and CD4* T lymphocytes. Exogenous antigen (Ag)
bound by B-celt surface immunoglobulin (Ig) is endocytosed, procassed, and displayed by class !l HLA mol-
ecules. T-cell receptor (TCR)-CD4 engagement of Ag presented by class Il HLA molecules up-regulates B-
cell expression of CD80/86 for ligation of CD28 on the T cell. The cumulative effect is up-regulation of the
CD40 iigand (CD40L) on T cells for engagement with CD40 on B celis. Each sequential activation event in
the illustrated cascade is highlighted by a dashed circte. This cascade of signals results in T-cell production
of cytokines and B-cell responsiveness to signals directing Ig isotype switch.

In addition to mediating adhesion, some
of these molecules are also costimulatory
during intercellular signaling.
Selectins are found on allleukocytesand
function as lectins, which bind to carbohy-
drate moieties expressed by endothelial
cells or other leukocytes. The 3 members
of the selectin family are L-selectin, E-
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selectin, and P-selectin. Each of the se-
lectins participates in the process of leu-
kocyterolling along vascularendothelium.

The integrins and Ig superfamily adhe-
sion molecules bind through protein-
protein interactions and are important for
stopping leukocyte rolling and mediating
leukocyte aggregation and transendothe-
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1. Rolling 2. Stopping

3. Aggregation and
Shape Change

4. Transendothelial
Migration

Rolling Stopping Aggregation Migration
slL.ex B2 Integrins CD11b/CD18 (Mac-1) B2 Integrins
L-Selectin VLA-4 (0i4B1) CD11a/CD18 (LFA-1) ICAM-1
P-Selectin ICAM-1 P-Selectin VCAM-1
E-Selectin VCAM-1 PECAM-1
oyP7 Integrin
MAdCAM-1

Figure 1-15.—Leukocyte emigration during inflammation. The sequence of intravascular events for leukocyte emigration are depicted with the relevant adhesior
molecules for each step. sLe* indicates sialyl Lewis X; VLA, very late antigen; ICAM, intracellular adhesion molecule; VCAM, vascular celi adhesion molecuie
MAdCAM, mucosal addressin cell adhesion molecule; LFA, leukocyte function-associated antigen; and PECAM, platelet endothelial cell adhesion molecule. Modi

fied with permission from Smith.*”

lial migration. The integrins are het-
erodimers and include the very late anti-
gen (VLA) molecules (CD49a through
CD49f), leukocyte function-associated an-
tigen (LFA) 1 (CD11a), and Mac-1
(CD11b). The Ig superfamily adhesion mol-
ecules include the intercellular adhesion
molecules (ICAMs), vascular cell adhe-
sion molecules (VCAMs), LFA-2 (CD2),
and LFA-3 (CD58). The biologic impor-
tance of these molecules for host defense
is exemplified by the impairment of T-
cell cytotoxic function with inhibition of ei-
ther LFA-1-ICAM-1 (CD54) interac-
tions or LFA-2-LFA-3 interactions.
Clinically, mutations in CD18 (the 8 chain
in the integrins LFA-1 and Mac-1) are
manifest as recurrent bacterial infections
due to an inability to mobilize leukocytes
in sites of inflammation.® Interactions of
VLA-4(CD49dYVCAM-1(CD106) are es-
pecially important for eosinophil adhe-

Fas), induce an intracellular transduction
of signals that induce chromosomal deg-
radation known as apoptosis.®® The Fas/
FasL system is thought to play a role in
the control of autoimmunity and in im-
mune privilege by certain tissues. For ex-
ample, mice that are genetically deficient
for Fas (Ipr strain) or FasL (gld strain)
display an autoimmune disorder charac-
terized by a generalized and progressive
lymphoproliferation. In the eye, constitu-
tive expression of FasL by corneal tissue
markedly reduces lymphocyte-mediated
corneal destruction during i

responses, whereas inflammatory de-
struction of the cornea will occur in the
absence of FasL expression. The potential
for constitutive FasL expression by other
tissues relatively refractory to cell-medi-
ated destruction may help explain a phe-
nomenon previously known as immune
privilege. The potential also may exist for

that have facilitated dissection of the cel-
lular and molecular mechanisms govern-
ing the immune system. By elucidating
these mechanisms, novel approaches ta
diagnosing immunologic disorders and
modulating the immune system have be-
gun toemerge. Through these advances,
the clinical discipline of immunology has
enormous potential to affect health care.

The critical review of Robert R. Rich, MD, and
secretarial and graphies assistance of Tammy Ko-
curek in the preparation of the manuscript are
greatly appreciated. ‘
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