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The modern age of immunology began in 1890 with the discovery of antibodies as a major component of protective
immunity. The 2nd century of the antibody begins with a focus on the molecular physiology and pathophysiology of
immunoglobulin production. Numerous human variable-region antibody genes have been identified through advances in
molecular cloning and anti-variable-region monoclonal antibodies. Some of these variable-region genes are now known
to be involved in specific stages of B-lymphocyte differentiation and immune development. This connection has yielded
new insights into the pathogenesis of immune dyscrasias and lymphoid neoplasia; common variable immunodeficiency
and cryoglobulinemia are highlighted here. The molecular regulation of immunoglobulin expression suggests new targets
for pathogenesis and clinical intervention. Finally, genetically engineered antibodies offer novel opportunities for diag-
nostic and therapeutic applications.
(Braun J, Saxon A, Wall R, Morrison SL: The second century of the antibody-Molecular perspectives in regulation, pathophysiology, and therapeutic
applications. West J Med 1992 Aug; 157:158-168)

JONATHAN BRAUN, MD, PhD*: One hundred years ago, it was
well known that a resistance to infections could be elicited by
specific immunity. The mechanism of this immunity was
unknown, however. During the decade of the 1880s, Loef-
fler, Roux, and Yersin showed that the diseases diphtheria
and tetanus were caused by exotoxins. These diseases were at
the time leading causes of death in children, and the findings
set off intense efforts by members of Robert Koch's labora-
tory to find out how immunity to these toxins occurred.

In 1890, two laboratory researchers, Emil Behring and
Shidasabura Kitasato, together discovered that the immunity
was due to a cell-free serum component that was specific to
the toxin used for immunization and that, when injected into
a nonimmune recipient, neutralized the toxin's lethality.
These findings were reported in the December 1890 issue of
Deutsche Medizinische Wochenschrift' and electrified the
world's scientific community. A year later on Christmas
night, Behring used this strategy of passive immunization
with antitoxin serum to treat a child with diphtheria.

In this conference, we shall emphasize current research
focusing on the molecular and developmental regulation of
antibodies and its relation to issues in immune pathogenesis
and therapeutics.

*Department of Pathology, Molecular Biology Institute, UCLA School of Medi-
cine.

Variable-Region Genes
Variable-Region Genes in B-Cell Development

The capacity of persons to produce an almost limitless
range of antibody specificities is a key feature of humoral
immunity. Its molecular basis was a mystery until 1977 when
Tonegawa and colleagues recognized that each active anti-
body gene was assembled from several gene segment fami-
lies (V, D, J, and C) by a novel DNA rearrangement process.2
Diversity is created from the large number of family mem-
bers (in the case ofthe V gene family, 100 or more), indepen-
dent assortment and combination of segments, and imperfect
segmentjoining. All told, these factors permit the generation
of more than 108 antibody species.2

An important practical result of this work was the intro-
duction of recombinant probes for antibody use, which pro-
vide an unambiguous identification of B-lymphocyte clones
and direct characterization of their genetic relatedness. An
early insight from such analysis occurred in studies of B-cell
development. It is well known that antibody diversity dra-
matically increases during fetal development and its cellular
counterpart in the pre-B-cell stage. The work ofMalynn and
associates, however, showed that this increase is not merely
quantitative but involves changing patterns of V-gene usage.3
At the earliest stages, only a few V genes are accessible for
rearrangement into active antibody genes. The resulting fetal
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antibody repertoire thus contains predominantly these unu-

sual antibodies whose specificity and function, although ap-

parently important for immune ontogeny, remain a mystery.
The VH5 and VH6 gene families are the earliest detected in
human fetal development,4 followed by certain members of
the VH I and VH3.5'6 Some of these VH genes are notable for
their predominance in certain categories of B-cell neoplasia
(Table 1). With maturation a much fuller range ofV genes is
used, so that the abundance of V genes in the mature B-cell
population is roughly proportional to their representation in
the immunoglobulin loci.' An important role is played by T
lymphocytes in this developmental switch in V-gene use,
possibly through conventional immune selection.3'7 In this
regard, there is much interest in establishing whether such
selection involves exogenous versus "self' antigens, which
might bear on the genesis of certain classes of autoanti-
bodies.
A second major expansion and diversification of the anti-

body repertoire occurs during childhood.8'9 Recent work in
our laboratory has shown that the abundance of B cells in
lymphoid germinal centers-representing a precursor stage
in the development ofimmunologic memory-is increased in
young children (2 to 4 years) but adjusts to adult levels by
preadolescence (8 to 14 years).10 This evolving abundance is
associated with a qualitative shift in the clonal pattern of B
cells; for example, the use of certain VHl genes is delayed
until preadolescence. It may be notable that this corresponds
to a shift in serum immunoglobulin (Ig) A and a response to
Haemophilus influenzae infection to adult levels.8'11 Other V
genes are significantly used only by B cells in the blood and
lymphoid mantle zones, most likely representing the mature
memory population. These V genes, including VH3L (a sub-
group of the VH3 family) and humVx328 (a member of the
VxIIIb light-chain family), can thus be used as clonal mark-

ers for this stage of B-cell maturation (Figure 110; and J.
Braun, MD, PhD, and Y. Valles-Ayoub, MD, PhD, unpub-
lished data, September 1991).

The VH3L marker has been informative regarding the
pathogenesis of two immunodeficiency diseases. Common
variable immunodeficiency (CVI) has been related by vari-
ous in vitro assays to an intrinsic block in the B cell differen-
tiative potential (discussed later). A collaborative study with
Andrew Saxon, MD, showed that patients with this disease
are typically deficient in VH3L B cells, a finding consistent
with their deficit in mature blood or mantle zone cells."2

In a separate study of the human immunodeficiency virus
(HIV), infection was prompted by the early occurrence of
paradoxic B-cell hyperplasia and humoral immune defi-
ciency. Humoral immune deficiency is seen as a poor re-
sponse to polysaccharides in vivo,13 pokeweed mitogen in
vitro,"4 a peculiar "bare follicle" histologic appearance of
lymph node, and a decline in Leu-8 B-cell expression. 16 We
noted that all these features could be attributed to a deficit in
the mantle zone B-cell subpopulation. In a study of 20 HIV-
positive persons, a selective and profound deficit of VH3L B
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Figure 1.-The effect of age and developmental subpopulation (mantle zone
versus germinal center) is shown on the abundance of B cells bearing V gene
subfamilies. The representation ofVHl N and VH3L is restricted by these measures
to the mantle zone (mature-memory) stage; VH5N exemplifies an unrestricted V
gene subfamily (from Valles-Ayoub et al'0; adapted with permission from
Blood).

Germinal Center

ABBREVIATIONS USED IN TEXT
cAMP = cyclic adenosine monophosphate
CVI = common variable immunodeficiency
HIV = human immunodeficiency syndrome
IFN-'y = interferon gamma
Ig = immunoglobulin
IL = interleukin
LPS = lipopolysaccharides
PMA = 12-O-tetradecanoylphorbol 13-acetate
TGF-13 = transforming growth factor

TABLE 1.-Distinct Development or Pathophysiology of B Cells Using Certain V Genes

Gene Description Abundance, Olb Reference

Vx325 .. CLL 25 Kipps et al, 199017; Kipps et al, 198820
Waldenstr6m's macroglobulinemia 33 Kipps et al, 199017; Kipps et al, 198820
Mixed cryoglobulinemia 35 Kipps et al, 199017; Kipps et al, 198820
Sjogren's syndrome - 15 Kipps et al, 198922

VH51 P1. . Fetal -- Schroeder et al, 19875
CLL 20 Kipps et al, 198919
Well-differentiated non-Hodgkin's lymphoma 10 Kipps et al, 198919

VH5. Earliest fetal -- Cuisinier et al, 19894
CLL 20 Humphries et al, 198818

VH6. Earliest fetal -- Cuisinier et al, 19894
Most proximal -- Mayer et al, 199021
Anti-DNA Mayer et al, 199021

CLL = chronic lymphocytic leukemia
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2ND CENTURY OF ANTIBODIES

cells was found. 17 These findings suggest that the B-cell im-
mune dysfunctions in these two diseases may involve a devel-
opmental block at the germinal center stage. In the case of
CVI, the block is probably intrinsic, whereas in HIV infec-
tion it presumably reflects a deficit in the CD4+ T-cell role
needed for the transition of B cells from the germinal center
to quiescent memory cell stage. This point is further dis-
cussed in the section by Saxon.

B-Cell Neoplasia and Autoimmunity
Like normal lymphocytes, malignant B cells typically

express or secrete a clonal antibody. A combination of mo-
lecular cloning and monoclonal antibody techniques has
shown that B cells bearing certain antibodies are dispropor-
tionately represented in lymphoid malignant neoplasia
(Table 1). Studies by Miller and co-workers of follicular
non-Hodgkin's lymphomas have shown that at least a third of
150 independent lymphomas can be grouped into recurrent
clonal families detected by shared idiotypes (unique anti-
genic determinants on the clonal antibody). 18 In the narrower
group of CD5+ B-cell malignancy-chronic lymphocytic
leukemia, small cell lymphocytic lymphoma-Kipps and
colleagues found that about 50% of cases may be grouped by
a panel of five anti-idiotypic probes.19 Accordingly, a dispro-
portionate occurrence of certain light- and heavy-chain V
genes in these malignant disorders has been reported by sev-
eral groups.2-23

What is the basis for the malignant predilection of these
B-cell clones? One is the fetal development process: Some of
these V genes are notable for their predominance early in
ontogeny, suggesting that the biologic mechanism underlying
selective V-gene use in development may be directly relevant
to lymphomagenesis. Another is autoimmune pathophysiol-
ogy: Although lymphocytes bearing these V genes in normal
B-cell populations are rare, they are notable for their pre-
dominance in mixed cryoglobulinemia and autoimmune tis-
sue infiltrates associated with Sj6gren's syndrome.212224
This may indicate common pathogenetic mechanisms shared
by this autoimmune disease and certain categories of B-cell
neoplasia.23 In view of the novel and promising use of anti-
idiotypic monoclonal antibodies for the treatment of B-cell
lymphomas, it is conceivable that anti-idiotypic therapy may
also be useful in autoimmune diseases for which a restricted
clonal population of pathogenetic B or T lymphocytes are
involved.

Common Variable lmmunodeficiency-A Maturational
Arrest in Germinal Center B-Cell Development
ANDREW SAXON, MD*: Common variable immunodeficiency
is a syndrome wherein various pathophysiologic states lead
to the inability to produce both normal quantitative and quali-
tative antibody responses.25 26 Although it may occur in in-
fancy, it generally is noted at puberty or later, and in most
patients there is no evidence for dominant or recessive inheri-
tance.27 Common variable immunodeficiency has repre-
sented the expression of several acquired defects in humoral
immunity. Our analysis of the phenotypic, functional, and
molecular aspects of the B cells from patients with the disor-
der, however, suggests that in most patients it may represent a
relatively uniform defect in B-cell development.

The hallmark ofCVI is the presence ofhypogammaglob-
*Division of Clinical Immunology/Allergy, Department of Medicine, UCLA

School of Medicine.

ulinemia that generally affects all the major immunoglobulin
effector isotypes-IgM, IgG, and IgA-involved in protect-
ing from infection. Not surprisingly, patients almost uni-
formly present with complaints of bacterial infection,
generally of the respiratory system (sinusitis, bronchitis, or
pneumonia).28 As in other immunodeficiency states, the
characteristics of the infections in these immunocom-
promised patients are their increased frequency, increased
severity, the failure to resolve with appropriate therapy, and
the presence of unusual organisms. Common variable im-
munodeficiency manifests two other features that are less
obviously related to the humoral immunodeficiency: lym-
phoid hyperplasia, particularly of the gastrointestinal tract,
with an increased frequency of lymphoproliferative disor-
ders,2930 and the occurrence of various autoimmune phe-
nomena, including rheumatoid-like arthritis, idiopathic
thrombocytopenia, atrophic gastritis with pernicious ane-
mia, secretory diarrhea, parotitis, Guillain-Barre syndrome,
and sicca complex.31-33

B cells (defined as cells bearing membrane Ig) are present
in normal numbers in the circulation and the tissues of two
thirds ofpatients with the disorder and in reduced numbers in
the remaining third.27 This is in contrast to X-linked agam-
maglobulinemia, which involves an essentially complete def-
icit in membrane Ig-bearing B cells due to a developmental
block at the pre-B-cell stage. Instead, the problem in CVI is
the failure of these B cells to mature into Ig-secreting cells in
vivo. In most patients, this is reflected in vitro by the inability
of their B cells to secrete Ig even when provided with appro-
priate stimuli for terminal differentiation.34-36 Although di-
verse immune mechanisms have been proposed as the
underlying cause of this deficit, it is this failure to develop
high-rate Ig-secreting cells that directly accounts for the pro-
found deficiency of serum immunoglobulins and resultant
recurrent bacterial infections.28

Functional and Molecular Features of
Common Variable Immunodeficiency

Resting B cells must pass through the stages of activation,
proliferation, and then differentiation to become high-rate
Ig-secreting cells.37'38 Thus, resting B cells need an initial
activation step, after which they enter the GI phase ofthe cell
cycle, increasing their expression of DR antigens and dis-
playing receptors for proliferative signals-that is, B-cell
growth factors such as interleukin (IL) 4. In the presence of
these growth factors, the activated B cells can undergo sev-
eral rounds of cell division. Finally, under distinctive differ-
entiation drives, the B cells enter a maturational phase in
which immunoglobulin is synthesized and secreted. These
stages of development can be analyzed in vitro by assaying
the response to defined activation, proliferation, and differ-
entiation signals.37-39

B cells from 15 patients with CVI were analyzed with
respect to this in vitro developmental pathway to determine
the nature of their functional arrest (Figure 2).36 Cells from
two patients failed to respond at the activation stage and from
one at the proliferative stage (in addition to patients 108 and
112-the two patients with depressed activation responses).
This is in agreement with studies by Chien and associates,
who found activation unimpaired in B cells from patients
with CVI.40 All the patients' B cells failed to differentiate in
the normal range, that is, an induced IgG and IgM response.
Four patients did show partial responses to these differentia-

160



161~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

tion drives (patients 109, 113, 125, and 143), which con-
sisted primarily of enhanced IgM production.

This inability of patients' B cells to respond normally to
differentiation signals suggested that altered responses to
late-acting cytokines may play a role in the pathophysiology
of this immune disorder. Although many cytokines influence
the development of human B cells,41'42 IL-6 or B-cell stimu-
latory factor 2 is particularly relevant for terminal B-cell
differentiation. Interleukin 6 has been shown to drive the
differentiation of B cells into high-rate Ig-secreting cells, to
induce proliferation of Epstein-Barr virus-transformed cell
lines and hybridoma cells in vitro, and to function as an
autocrine growth factor for human myeloma cells.43-46 In
addition, IL-6 induces systemic effects similar to those of
IL-I and tumor necrosis factor. Interleukin 6 may even pro-
vide a potent stimulus for inducing autoimmunity.47

Because of the potential role of IL-6 in B-cell differentia-
tion and growth as well as autoimmune phenomena, we
tested the ability of CVI B cells to respond to IL-6. Blood B
cells, however (as opposed to tonsil B cells), show minimal
differentiation response to IL-6. Therefore, we took advan-
tage of a series of human-human B-cell hybridomas that we
had constructed (in collaboration with Randolph Wall, PhD)
with either normal or CVI B cells.48 These hybridomas mani-
fest the functional phenotype of the immunodeficiency's ex-

pression of low levels of Ig i messenger RNA with skewing
toward the membrane form. When normal hybridoma B cells
producing low levels of IgM were stimulated with IL-6, they
showed an increase in IgM production consistent with a dif-
ferentiation effect, whereas the hybridomas from the persons
with CVI failed to do so (Figure 3). This deficit could be
overcome by direct activation at the nuclear level using reti-
noids.49'30 This indicates that the B cell in these patients does
not carry an intrinsic defect in the nuclear read-out of the
differentiation signal but in the events directly controlling
responsiveness to immunophysiologic stimuli, such as IL-6.
On a practical level, the successful restoration of B-cell dif-
ferentiation by retinoids suggests their potential value as a
therapeutic tool in common variable immunodeficiency.

Because of these findings, we investigated whether pa-
tients with this disorder had elevated serum levels of IL-6
resulting from their inability to differentiate in response to
IL-6.51 Serum IL-6 levels were elevated 3-fold to 18-fold
above the normal range in 13 of 17 patients with CVI. In
contrast, serum IL-6 levels were normal in patients with
other B-cell immunodeficiencies (selective IgA deficiency
and X-linked agammaglobulinemia). Interleukin-6 levels are
controlled by a serum binding factor and the rate of IL-6
synthesis. We found that the serum binding factor activity
was normal in patients with CVI. Spontaneous IL-6 produc-

Figure 2.-A schematic is shown of B-cell development from resting B cells through activation, proliferation, and differentiation. The increased amount of messenger
RNA for secreted versus membrane immunoglobulin (Ig) is represented in the upper section. Stimuli used in vitro for the different stages of development are shown in
the middle section. On the bottom, the point where each patient's cells were unresponsive is represented by the UCLA immunodeficient patient's number. Most B cells
failed to differentiate despite undergoing activation and proliferation normally (from Saxon et a136; adapted with permission from Joumal of Allergy ond Clinical
lmmunologj. BCGF= B-cell growth factor, IL= interleukin, mu = IgM heavy chain, NK BCDF=NK cell-derived B-cell differentiation factor, PMA= 12-0-tetradeca-
noylphorbol 13-acetate
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tion, however, by peripheral blood mononuclear cells from
four patients with the immunodeficiency was significantly
greater than by peripheral blood mononuclear cells from
normal volunteers and a patient with hyper-IgM syndrome.
Stimulated IL-6 production (by lipopolysaccharide) raised
absolute IL-6 levels in normal persons to the unstimulated
level in patients with CVI, suggesting that IL-6 production in
these patients is endogenously at maximal levels. Although
the endogenous stimulus of elevated IL-6 production in pa-

tients with CVI remains to be identified, these IL-6 levels
may account for the clinical manifestations of lymphoprolif-
eration and the autoimmune phenomena associated with this
disease.
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Figure 3.-Immunoglobulin (Ig) M production by common variable immunode-
ficiency (JK32.1) or normal (PBL72.9) hybridoma B cells is shown. Cells (10,000)
were cultured for 3 days in 200 ml of complete medium alone or an increasing
amount of recombinant interleukin 6 (IL-6). The amount of IgM in the superna-
tant at day 7 was measured by isotype-specific solid-phase enzyme-linked
immunosorbent assay. The normal hybridoma cells show a clear dose response
to IL-6, whereas this was not found with the common variable immunodefi-
ciency cells. The error bars represent 1 standard deviation.

A Maturational Block at the Germinal Center Stage
Diverse functional abnormalities, such as those seen in

CVI, raise the possibility that the disease actually involves a

differentiative arrest at a specific stage in B-cell develop-
ment. This idea was addressed by analyzing the expression of
surface molecules known to be related to B-cell activation
and maturation."2 The striking difference between normal

subjects and patients was a pronounced increase in the abun-
dance of Leu-8dim B cells, which also typically had elevated
CD20 expression (Figure 4). A less striking but significant
reduction in CD21 expression was also found. There was

almost no overlap between 10 control subjects and the 15
patients with the disorder analyzed in this manner, and the
abnormality was restricted to the B-cell population.

Remarkably, this unusual differentiation antigen pheno-
type of blood B cells in patients with CVI is in key respects
the normal phenotype ofB cells found in the germinal center,
a critical site of memory B-cell development.52 In addition,
the unusual pattern of developmentally regulated B-cell
clones (for example, VH3L) common to blood B cells in pa-

tients with CVI is that found with normal germinal center B
cells (see preceding discussion by Braun). Moreover, a sub-
population of antigen-responsive B cells apparently repre-

senting recent germinal center emigrants53 is profoundly
deficient in patients with this immune deficit.54 Taken to-
gether, these findings strongly suggest that B cells in most
patients with CVI are arrested at a germinal center stage of
differentiation.

The inability of these patients' B cells to proceed beyond
this stage is consistent with the B cells' functional abnormali-
ties in terminal differentiation and the corresponding deficits
in qualitative and quantitative antibody production. The Leu-
8 antigen is now known to represent a lymph node homing
molecule,5556 and deficient expression may hinder effective
lymphoid localization of B cells needed for antigen-specific
responses. The CD20 molecule (a probable B cell-specific
calcium channel) transmits a co-competence proliferative
signal and may normally prevent cells from progressing
through their differentiation pathway." Its constitutive over-

expression may thus directly contribute to the maturational
arrest in CVI and perhaps to the associated B-cell hyperplasia
and lymphoproliferative disease.

Thus, CVI may involve a relatively uniform pathophysi-
ology related to a specific maturational arrest in B-cell devel-
opment rather than a wide variety of disparate disease
processes as previously thought. This primary defect re-

mains to be defined and may include either an intrinsic unre-

sponsiveness of B cells to the cytokines and regulatory cells
found in the germinal center or to the dysfunction or destruc-
tion of these regulatory cell types. Secondary processes,
such as the overexpression of IL-6 and possibly other potent
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C~) C)

CD
D

~~~~~~~~~~~~~~ .........

Leu8+ Leu8+ Leu8+ Leu8+

Figure 4.-Dual color flow cytometric analysis is shown of the expression of CD20 and Leu-8 on normal and common variable immunodeficiency (CVI) B cells. In a

normal donor, only 100% of B cells (CD20+) are Leu-8dm. In contrast, in the subjects with CVI (120 and 128), most of the CD20+ cells are Leu 8dm (77°h and 620,

respectively). Leu-8 expression in CD20- cells (mainly T cells) is unaffected. Compared with normal subjects, CD20 expression is also elevated in many CVI B cells. The
right 2 panels show data from the same subject 4 months apart, showing the reproducibility of the staining pattern (from Saxon et al36; adapted with permission from
Joumal of Allergy and Clinical Immunology).
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cytokines, may account in a large measure for the widely
variable clinical phenotype of the disease.

Molecular Pathways in Immunoglobulin x
Light-Chain Gene Activation
RANDOLPH WALL, PhD*: Immunoglobulin heavy- and light-
chain genes are rearranged and expressed at different stages
in B-cell development.58 Pre-B cells contain rearranged ts
genes and synthesize Ig At heavy chains.59 When pre-B cells
develop into B cells, light-chain genes are rearranged and
expressed, and the light chains produced are assembled into
membrane IgM.60 This process involves the juxtaposition
and activation of several transcriptional regulatory DNA re-
gions found in the regions flanking the light-chain coding
segments (Figure 5). The murine pre-B leukemic cell line,

P VJK CK

OCT TATA KBFA KB El E2 E3

K Promoter K Enhancer

Figure 5.-The schematic shows the transcriptional regulatory elements found
in promoter and enhancer regions of the immunoglobulin light-chain x gene.
See text for details.

70Z/3, has been extremely useful in defining the molecular
events in Igx gene activation.6" The 70Z/3 cells contain an

unrearranged x-chain gene and a productively rearranged
light-chain gene with a variable region (Vx)joined to ajoining
region (Ix) upstream of the constant region (C).62 These
x genes in 70Z/3 cells are normally not expressed. Both
. genes in 70Z/3 pre-B cells, however, are activated and
expressed in response to bacterial lipopolysaccharide,
IL-1, interferon gamma (IFN-,y), and several physiologic
inducers, which mimic different intracellular second mes-

sengers." .63.64 I will focus on the lymphokine- or mitogen-
inducible trans-acting factors that bind to x enhancer DNA
sequence motifs to control the developmental stage-specific
activation of x-gene transcription.

Lipopolysaccharide (LPS) induction of 70Z/3 cells
results in the appearance of deoxyribonuclease hypersen-
sitivity at a region in both x genes62 later shown to be the
x-gene enhancer.59 The x enhancer is now one of the best-
studied transcription control segments of any mammalian
gene. The x enhancer contains multiple DNA sites that
regulate light-chain gene transcription through their interac-
tion with specific trans-acting DNA-binding proteins.65
Some of these are constitutive regulators (for example, El,
E2, E3) that are not regulated by activation.59'65 Others, such
as the xB DNA and xBF-A, are key sites in the induction of x
gene transcription by endotoxin (LPS) and IL-1.66.67

The first clue to the molecular processes in x induction by
LPS came from studying the requirements for new macromo-

lecular synthesis in LPS-induced x-gene transcription in
70Z/3 pre-B cells. It was found that the protein synthesis

*Department of Microbiology and Immunology and the Molecular Biology Insti-
tute, UCLA.

inhibitor, cycloheximide, failed to block x induction by
LPS.68In fact, treatment of 70Z/3 cells with cycloheximide
alone activated the transcription of x genes.68 This un-

expected finding showed that LPS induction of x-gene
transcription occurred through a novel post-translational
mechanism involving the activation or modification of exist-
ing cell proteins. We predicted that x-gene expression in
untreated 70Z/3 pre-B cells was blocked by labile inhibitory
protein(s) and that induction by LPS (or cycloheximide) acti-
vated x transcription by causing turnover of the labile in-
hibitor(s).

Sen and Baltimore subsequently determined that the in-
duction of x transcription by LPS and cycloheximide oc-

curred through the post-translational activation of the x

enhancer binding factor, NF-xB.69Interleukin 1, PMA (12-
O-tetradecanoylphorbol 13-acetate), and cyclic adenosine
monophosphate (cAMP) analogues also activate NF-xB
transcription factor binding to the xB DNA motif.66 This
factor exists in the cytoplasm of uninduced cells in an inactive
state complexed to an inhibitor called IxB.70Strong evidence
indicates that NF-xB activation occurs through protein ki-
nase-mediated phosphorylation of the labile IxB inhibitor.66
This phosphorylation is activated through distinct intracellu-
lar signaling pathways involving either protein kinase C (acti-
vated by LPS or PMA) or cAMP-dependent protein kinase
(activated by IL-1).66NF-xB also can be activated by protein
synthesis inhibitors like cycloheximide, presumably through
a turnover of the IxB inhibitor. 66 0 Thus, the IxB inhibitor70
defined by Sen and Baltimore69 is likely to be the labile
inhibitor of x-gene expression proposed in our earlier study. 68

Two lines of evidence from our laboratory indicate that
NF-xB activation is only one of several collaborative molec-
ular events needed for x induction after LPS (or IL-1) induc-
tion. With Paul Kincade, PhD (Oklahoma Medical Research
Foundation), we found that transforming growth factor f3

(TGF-3) efficiently blocked x induction.' We then deter-
mined that NF-xB activation and binding occurred normally
in the presence of TGF-f3,72 indicating that the TGF-,B sensi-
tive step in x induction parallels or follows NF;xB activa-
tion. The recently discovered LPS-induced factor, xBF-A,
provides a compelling candidate target for the inhibitory ef-
fect of TGF-,B because xBF-A activation follows the early
induction of NF-xB binding directly after LPS stimulation.67

The second line of evidence comes from our studies ana-

lyzing the molecular defects in 70Z/3 mutant cell lines,
which are unresponsive to LPS and other inducers used to

activate x-gene transcription. We found two classes of LPS-

unresponsive mutants with regard to NF-xB function and
activation of x transduction. One class (composed of three
70Z/3 variant lines) contains functional NF-xB factor (as
shown by in vitro activation with detergent), which cannot be
induced in vivo by any agent.73 These variants seem to be
defective in the intracellular signaling events leading to IxB

phosphorylation. This has been confirmed by showing that

purified cAMP-dependent protein kinase added to variant
cell extracts activates NF-xB in vitro. In the second class of

unresponsive mutant 70Z/3 cells (represented by one 70Z/3
variant cell line), NF-xB is activated normally by LPS, but x

expression is not induced. The behavior of this latter mutant
line clearly mimics the inhibitory effect of TGF-f3. The de-
fect in this class of LPS-unresponsive 70Z/3 mutant cells
may affect xBF-A activation. Experiments in progress are

directed at determining if LPS-induced xBF-A binding to the
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x enhancer is inhibited by TGF-,B or deficient in this second
class of variant 70Z/3 cells that activate NF-xB normally.

Interferon gamma is another potent inducer of x-gene
transcription in 70Z/3 cells.6" Unlike LPS and other induc-
ers, however, x induction by IFN--y is not affected by TGF-
.371 Because of this, it seemed likely that NF-xB might not
be induced by this lymphokine. Subsequent experiments
confirmed that NF-xB is not activated in 70Z/3 cells express-
ing x after IFN-'y induction."2 These results indicate that the
induction of x transcription by LPS (or IL-1) proceeds by a
different molecular pathway than that used by IFN--y. The
finding that mutant cell lines of 70Z/3, selected for a loss of
responsiveness to LPS, retain inducibility of x expression by
IFN-'y" is consistent with this proposal.

What DNA sequences control x-gene induction by IFN-
-y? One candidate is the octamer motif in the x promoter,
which binds a transcription factor found in all cells (called
oct-1) and an LPS-induced factor restricted to B cells (called
oct-2).7 The genes encoding the oct-I and oct-2 factors have
been cloned,74 but it is unlikely that the oct-2 factor is in-
volved in IFN-'y induction because it is not increased by IFN-
,y treatment.72 A promising candidate DNA sequence for
mediating IFN--y induction of x transcription is the xBF-A
site in the x enhancer, which is notably similar to a DNA
sequence motif known to be involved in IFN-'y induction of
major histocompatibility complex class I genes and shown to
bind IFN-'y-induced trans-acting factors. We have recently
determined that this sequence in the x enhancer binds an
IFN-'y-induced factor, which is different from the LPS-in-
duced xBF-A factor binding to this same sequence (R. Wall,
PhD, unpublished data, June 1991). This new finding sug-
gests that LPS and IFN--y activate different trans-acting
DNA-binding factors that bind to the same DNA sequence.
This mimics the situation with the octamer DNA motif
whose activity is determined by different DNA-binding fac-
tors reacting with one DNA sequence.74

Even with the present state ofknowledge of the molecular
events in x light-chain gene activation, several issues remain
to be resolved before the different molecular pathways to
x-gene expression are fully delineated. B cells and plasma
cells, which constitutively express x genes," contain an ac-
tive DNA-binding form of NF-xB. It is not known how this
constitutively activated form of NF-xB is generated. The
recent finding of a second x enhancer segment located far
downstream of the Cx region adds further complexity to be
resolved.75 Clearly studies on the x enhancers and their roles
in x induction and expression will continue to yield interest-
ing surprises.

Genetically Engineered Antibody Molecules
SHERIE L. MORRISON, PhD*: Antibodies have long been ap-
preciated for their specificity in binding their ligand, an anti-
genic determinant. Because of this specificity, antibodies
seem ideal for discriminating between the minor differences
that occur between cell-surface antigens oftumor cells versus
normal tissues. A second, perhaps equally important, char-
acteristic of antibody molecules is their ability to carry out
biologic effector functions, such as complement activation
and antibody-dependent cellular cytotoxicity. The combining
specificity of the antibody molecule can therefore be used to
target these naturally occurring effector functions to particu-

*Department of Microbiology and Immunology and the Molecular Biology Insti-
tute, UCLA.

lar cellular or subcellular locations. Alternatively, antibodies
can be used to deliver cytotoxic agents.

Antitumor antibodies were initially obtained from immu-
nized animals, but because different antisera represented
pools ofheterogeneous antibodies with differing specificities
and effector functions, it was difficult to carry out reproduc-
ible studies using serum as the source of antibodies. A signif-
icant breakthrough was the development of the hybridoma
technology, whereby it became possible to generate a poten-
tially endless supply of monoclonal antibodies of defined
binding specificity.76

Even the monoclonal antibodies produced by hybridoma
cell lines, however, have some properties that make them less
than ideal: It has been difficult to produce monoclonal human
antibodies,76 and the isotype of the resulting antibodies often
is inappropriate for the desired biologic properties.7 Geneti-
cally engineered antibodies produced by expressing cloned
genes in the appropriate cell type provide an approach for
producing antibodies with superior properties. It is now pos-
sible to produce chimeric antibodies with gene segments
derived from diverse sources. Because genes can be modi-
fied before they are expressed, constant regions with im-
proved biologic properties can be produced. In addition,
molecules that bind antigen, but that are never found in na-
ture, such as fusions of antibodies with nonantibody pro-
teins, can be manufactured.

All antibodies have a basic structure oftwo pairs of identi-
cal heavy (H) and light (L) chainsjoined together by disulfide
bonds to form a bilaterally symmetric structure (Figure 6).
The polypeptide chains fold into globular domains separated
by short peptide segments. The N-terminal domain of each
chain constitutes the variable region that carries the antigen
combining site, which determines the specificity of the anti-
body. The remainder of the antibody constitutes the constant
(C) region, which is responsible for the effector functions,
such as Fc-receptor binding, complement fixation, catabo-
lism, and placental transport. Immunoglobulins with differ-
ent constant regions and therefore of differing isotypes-in
humans they are IgM, IgD, IgG1-4, IgA1, IgA2, and IgE
show different biologic properties. In some isotypes a hinge
region separates CH 1 and CH2 and provides the molecule with
segmental flexibility. Antibodies are glycoproteins with the
carbohydrate content varying among different isotypes. One
uniform feature of all IgG isotypes is that each H chain con-
tains a single carbohydrate moiety at Asn 298 in CH2, which
is essential for some effector functions.

Antibodies are unusual proteins in that the genes that
encode them must be somatically assembled to produce a
functional protein. For a variable region to be expressed, a
rearrangement of DNA must take place and the expressed
variable region positioned next to a J segment for the L chain
or a DJ segment for the H chain. The domain structure seen
in the antibody molecule is reflected in the structure of the
genes that encode it, with each antibody domain being en-
coded by a discrete exon (Figure 6).

One approach to producing improved antibody molecules
is to use recombinant DNA techniques and gene expression
to produce antibodies with improved antigen binding speci-
ficities and effector functions. An advantage of this approach
is not being limited to producing antibodies as they exist in
nature. Instead, antibody molecules can be designed to have
optimized properties, such as binding specificity pharmaco-
kinetics, and effector functions, such as complement activa-
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tion and Fc-receptor binding. In addition, novel functions
can be introduced into the antibody molecule that are not
normally found there. Mouse-human chimeric antibodies, in
which the variable region is derived from a murine hybrid-
oma cell line and the constant regions are human, provide
reagents with reduced immunogenicity when used in vivo in
humans.

To produce genetically engineered antibody molecules,
the following must be available:

* A recipient cell that will produce a functional antibody
molecule;

* A means to efficiently introduce DNA into the recipi-
ent cells; and

* Expression vectors that permit the expression of the
antibody genes and the isolation of the rare recipient cells
expressing the introduced genetic information."8

Gene transfection into eukaryotic recipients is one way to
produce genetically engineered antibodies." Appropriate
mammalian cells for immunoglobulin gene expression are

myeloma and hybridoma cell lines, which are capable of
high-level expression of endogenous heavy- and light-chain
genes; these cells lines can also glycosylate, assemble, and
secrete functional antibody molecules. Transfected genes are

not always expressed at the level found in hybridomas and
myelomas. When all of the important features controlling the
expression of transfected genes are understood, however,
there is no reason that high levels of antibody expression by
gene transfection cannot be achieved routinely. Several

myeloma cell lines are available for gene transfection and
expression. The cell lines routinely used to produce transfec-
toma cell lines are the non-Ig-producing hybridoma cell-line
parents, SP2/0 and P3X63.Ag8.6.5.3.

Several methods are available for introducing foreign
DNA into eukaryotic cells. Although lymphoid cells are inef-
ficient in taking up and expressing calcium phosphate-
precipitated DNA, both electroporation78 and protoplast fu-
sion'9,80 are effective methods of introducing genes into
lymphoid cells. There is variability in transfection frequency
between different lymphoid cell lines and even between
clones of the same cell line. With both electroporation and
protoplast fusion, transfection frequencies between 10' and
10-6 can be achieved routinely. Thus, it is feasible to isolate
the desired transfectant cell line or transfectomas.

Even under optimal conditions, gene transfection into
eukaryotic cells is an inefficient procedure, with only rare

recipient cells becoming stably transfected. Thus, vectors
must be used that contain biochemically selectable markers,
which permits the selection ofthe rare, stably transfected cell
lines. The most commonly used markers are genes derived
from bacteria that permit cells expressing them to survive in
the presence of particular drugs. These markers are domi-
nant drug-resistance markers; that is, the expression of their
phenotype is a dominant trait, and they can be used in cells
that have not been drug-marked previously. The bacterial
genes used in these vectors are provided with a viral (SV40)
promoter, splice junction, and polyadenylate addition signal
so that they can be expressed in eukaryotic cells. The bacte-

Figure 6.-The structure of an immunoglobulin molecule and the genes that encode it is shown. The regions of the molecule that participate in antigen binding (Fab) or

different effector functions (Fc) are indicated. The arrows show the correspondence between the DNA segments and the different domains of the immunoglobulin
polypeptide chain that they encode. The hydrophobic leader sequence of both heavy and light chains is removed immediately after synthesis and is not present in the
mature immunoglobulin molecule (from Morrison77; reproduced with permission from Science).
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rial genes usually used include the phosphotransferase gene
from the Tn5 transposon (designated neo),81 the xanthine-
guanine phosphoribosyltransferase gene (xgprt or gpt),82 and
genes encoding key steps in the synthesis of essential amino
acids, his and trp.83

To obtain DNA in sufficient quantities for genetic manip-
ulation, it is essential that the vectors can be propagated as
plasmids in bacteria. To achieve this objective, the original
plasmids contain the origin of replication and f-lactamase
gene from the plasmid pBR322. Bacteria propagating these
plasmids can be selected for their resistance to ampicillin. A
second family of vectors contains the origin of replication
from the plasmid pACYC 184 and the chloramphenicol ace-
tyltransferase gene84; these plasmids are propagated in bacte-
ria selected for resistance to chloramphenicol. With both
vectors, it is easy to obtain large quantities of DNA for in
vitro manipulation. Because pBR322 and pACYC 184 have
compatible replication origins, both plasmids can be main-
tained together at high copy number within the same bacte-
rium. When protoplast fusion is used, both vectors can be
introduced simultaneously into a recipient cell.

To create functional antibody molecules, the genes en-
coding heavy and light chains must be transfected into the
same cell, and both polypeptides must be synthesized and
assembled. Several methods have been used to achieve this
objective. Both the heavy- and light-chain genes have been
inserted into a single vector and then transfected85; this ap-
proach generates large, cumbersome expression vectors, and
further gene manipulation of the vector is difficult. A second
approach is to transfect sequentially the heavy- and light-
chain genes, using different drug resistance markers to select
for the expression ofthe different vectors.86 Sequential selec-
tion of transfectants is time-consuming. Alternatively, both
genes can be introduced simultaneously on different DNA
fragments using either electroporation or protoplast fusion
and using the compatible plasmid vectors described earlier;
this approach is usually the most efficient in creating com-
plete antibody molecules.

To produce antibodies of interest, it is necessary to obtain
the gene sequences for the variable regions of interest and
then to join them to the appropriate constant region in an
expression vector. The variable regions desired for expres-
sion can be obtained from the appropriate antibody-produc-
ing cell line as either complementary DNA or genomic
clones. By obtaining variable regions from human antibody-
producing cell lines, it is possible to produce completely
human antibodies. Thus, this approach is also appropriate
for rescuing low-production human hybridomas and lym-
phoblastoid lines and for obtaining isotype switch variants of
human immunoglobulin genes.

A major reason for developing Ig gene transfections and
expression systems is to be able to engineer and express novel
hybrid, chimeric, and mosaic genes using recombinant DNA
techniques. This technology should have an important effect
on our understanding of the structures and mechanisms in-
volved in the biologic functions of antibody and should pro-
vide invaluable reagents.

Genomic clones ofIg variable- and constant-region genes
are easy to manipulate using genetic engineering techniques
because of their division into exons. The distinct Ig polypep-
tide domains are each encoded by a discrete exon; for exam-
ple, the variable and constant domains of the light chain, the
variable region, the hinge, and the three constant-region do-

mains of the IgG heavy chain are each encoded by distinct
exons. The intervening DNA sequences (introns) separating
each domain provide ideal sites for manipulating the anti-
body gene shown in Figure 6. Because the intervening se-
quences are removed by splicing from the mature mRNA,
alterations within them will not affect the structure of the
protein. In addition, the RNA splice junction between varia-
ble- and constant-region exons in heavy- and light-chain
genes is conserved, making it easy to manipulate the Ig struc-
ture by deleting, exchanging, or altering the order of exons.

The exon structure of the Ig gene can be exploited to
construct antibody-cassette expression vectors. Oligonu-
cleotide linkers can be used to flank the constant-region ex-
ons with unique restriction sites.84 In addition, linkers can be
placed between the domains of the human IgG heavy-chain
genes, making exon and domain shuffling of these straight-
forward.86 Oligonucleotide-directed mutagenesis can also be
used to produce mutations in the Ig genes.

Biologic effector functions, such as complement fixation,
antibody-dependent cellular cytotoxicity, and Fc-receptor
binding, are mediated by the heavy-chain constant region,
and different isotypes have different biologic properties. Al-
though some structures important for these activities have
been defined, the exact molecular correlates of many anti-
body effector functions remain unknown. With the availabil-
ity of recombinant DNA technology and gene transfection,
the study of structure-function relations within the antibody
molecule can now be approached systematically. Chimeric
proteins in which the murine variable region is expressed
joined to different human constant regions show the biologic
properties previously defined for naturally occurring nonchi-
meric antibodies. Therefore, chimeric antibodies can be
used to determine the amino acid sequences responsible for
the effector functions of antibody molecules. The ultimate
objective of these experiments is to design and produce hu-
man immunoglobulin molecules with improved effector
functions.

All IgG molecules contain a consensus glycosylation se-
quence (Asn-X-Thr-, where X represents any amino acid) in
the CH2 domain. The presence of this carbohydrate is impor-
tant for some of the effector functions of Ig, including Fc-
receptor binding and complement activation87; however,
aglycosylated antibodies are properly assembled, secreted,
and bind antigen and Staphylococcus protein A. The serum
half-life in mice of an aglycosylated chimeric human IgGI
was the same as the wild type (6.5 days), but aglycosylated
IgG3 has a shorter half-life (3.5 days) than does wild-type
IgG3 (5.1 days). Thus, the absence of carbohydrate pro-
foundly changes some properties of the antibody molecule
while leaving others intact.

A property of antibody molecules critical for their in vivo
function is the ability to bind to cellular Fc receptors. Chi-
meric IgGI and IgG3 bind the high-affinity Fc receptor
(IgFcgl) with a binding constant of I x IO-9 mol per liter- 1;
chimeric IgG4 binds with approximately tenfold reduced af-
finity, and binding by chimeric IgG2 is not detectable. Using
site-directed mutagenesis, residue 235 of mouse IgG2b has
been pinpointed as interacting with this Fc receptor.86 Equiv-
alent experiments are in progress with chimeric human anti-
bodies.

Novel proteins that possess the binding specificity of anti-
body molecules can be created by replacing the constant-
region DNA sequence of an Ig molecule with a sequence
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derived from another molecule, such as an enzyme, toxin,
growth factor, or other biologic response modifier."-" Such
molecules have potential use in immunoassays, diagnostic
imaging, and immunotherapy.

The possible uses of genetically engineered monoclonal
antibodies are many. Perhaps the most immediate advantage
of chimeric monoclonal antibodies will be the reduction of
the human antimurine antibody response. The human anti-
murine response creates two problems: the potential of an
allergic response with anaphylaxis and the rapid clearance of
the administered antibody, preventing most of the antibody
from reaching the tumor site. Another advantage of chimeric
antitumor antibodies is the potential for enhancing effector
cell killing and complement-mediated tumor cell killing. By
using genetically engineered monoclonal antibodies, it is
also feasible to modify the Ig molecule to alter pharmaco-
kinetics. The plasma clearance of an unconjugated antibody
can be slowed down so that it will have the opportunity to
mediate antibody-dependent cellular cytotoxicity or comple-
ment-mediated cytolysis, or speed up the plasma clearance of
a monoclonal antibody conjugated to a radioisotope, in
which the circulating. conjugate may cause damage to normal
cells.

Finally, antitumor monoclonal antibodies may be modi-
fied so that they can act as more efficient vehicles for the
delivery of antitumor drugs, toxins, radionuclides, or bio-
logic response modifiers. This can be achieved either by
directly ligating the antitumor agent into the Ig molecule or
by ligating efficient linkers for drugs, radioisotopes, or
bioresponse modifiers into the Ig molecule.

Many possible applications of chimeric or genetically
engineered antibodies exist in addition to their use as antican-
cer agents. Monoclonal and chimeric antibodies to cell sur-
face antigens have been produced that are important for
immune interactions. These antibodies have great potential
as immune response modifiers to facilitate organ transplanta-
tion and address problems of autoimmunity. It is also possi-
ble that antibodies may be developed to approach the
problem of immune nonreactivity, such as is seen in the
acquired immunodeficiency syndrome. Chimeric antibodies
also may have applications in the treatment of infectious dis-
eases where they should be far superior to antiserum derived
from heterologous sources and should address the heteroge-
neity and limited availability of antiserum derived from hu-
man sources. Chimeric antibodies also have great potential
for use as vaccines devised to exploit the anti-idiotypic net-
work. The possible uses of chimeric antibodies and antibod-
ies modified by recombinant DNA techniques are limited
only by the imagination of the investigators exploiting this
family of reagents.
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