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Regulation of Immunoglobulin E Biosynthesis

KIMISHIGE ISHIZAKA

The Johns Hopkins University,
School of Medicine at Good Samaritan Hospital,
Baltimore, Maryland 21239

l. Introduction

It has been established that immunoglobulin E (IgE) antibodies against
allergen cause hay fever and are involved in the other allergic diseases.
A crucial role of IgE antibodies in reaginic (Type I) hypersensitivity
immediately raised a question as to whether the antibody response can
be suppressed. To achieve this goal, however, one has to learn cellular
mechanisms involved in the IgE antibody response. Extensive studies in
rodent systems in the past 18 years indicated that the IgE antibody
response to protein antigens shares common mechanisms with the IgM
and IgG antibody responses to T cell-dependent antigens. However, the
IgE antibody response in experimental animals has several characteristics
not easily demonstrated in the IgG antibody response. The purpose of
this review is to summarize some unique features for the antibody response
of the IgE isotype and to discuss possible approaches to controlling the
IgE antibody response.

Il. Mechanisms for the IgE Antibody Response

A. DissociATION BETWEEN THE IgE aND IgG ANTIBODY
RESPONSES in Vivo

Many years ago Sherman et al. (1940) determined reaginic antibody
titers in the sera of hay fever patients by Prausnitz-Kiistner reactions,
and observed that the antibody titers in the sera of ragweed-sensitive
patients were persistent. This observation was confirmed by radio-
immunoassay. Quantitative measurements of serum IgE antibodies in
ragweed-sensitive patients who had not received immunotherapy showed
that the antibody level persists throughout the year and that most patients
showed secondary IgE antibody response after the ragweed season
(Ishizaka and Ishizaka, 1973). Because an average half-life of IgE in the
serum is 2.3 days in humans (Waldman, 1969), it appears that IgE
antibodies are being formed continuously in hay fever patients.

1
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2 KIMISHIGE ISHIZAKA

A persistent IgE antibody formation observed in atopic patients was
difficult to reproduce in experimental animals. When mice and rats were
immunized with a protein antigen adequate for the maximal IgG
antibody response, the IgE antibody response was transient and the
antibodies disappeared within 3-4 weeks after the priming immuniza-
tion (Revoltella and Ovary, 1969). In these animals a booster injection
of the same antigen failed to induce the secondary IgE antibody response.
Such difficulties were overcome by Levine and Vaz (1970), who immunized
several strains of inbred mice with a minute dose of various antigens
incorporated into aluminum hydroxide gel (alum). When certain inbred
strains were immunized with an appropriate immunogen, repeated
immunization at 4-week intervals induced the secondary IgE antibody
response. Subsequently, E. M. Vaz et al. (1971) succeeded in obtaining
a persistent IgE antibody response by immunization of SW-55 mice with
a minute dose (0.1 pg) of alum-absorbed ovalbumin (OVA). The IgE
antibody titer persisted for several months without any booster
immunization.

Systematic studies by N. M. Vaz et al. (1971) as well as those by others
showed that the IgE antibody response is controlled by immune response
genes which are linked to the major histocompatibility complex (MHC).
When minute doses of alum-absorbed immunogen were used for
immunization, only high-responder strains gave IgE and IgG; antibody
responses. Even in these strains, the magnitude of the IgE antibody
response did not parallel the IgE antibody response to the same antigen
when different adjuvants were employed for immunization. Bordetella
pertussis vaccine and alum are effective adjuvants for the IgE antibody
response, while complete Freund’s adjuvant (CFA) is less effective
(Ishizaka, 1976). Furthermore, when high-responder mice were
immunized with a potent immunogen, together with an appropriate
adjuvant, an increase in the dose of immunogen made the IgE antibody
transient and caused a dissociation between the IgG and IgE antibody
responses (Ishizaka and Okudaira, 1973).

An entirely different type of genetic control was found in the mouse,
which uniquely controls the IgE isotype. For example, SJL mice as well
as AKR mice showed a poor IgE antibody response to various protein
antigens in spite of a substantial IgG antibody response (Levine, 1971).
Under certain conditions, such as nematode infection, SJL mice could
form IgE; however, the SJA/9 strain, which was derived from BALB/c
and SJL, could not synthesize IgE (Yaoita et al., 1982). Breeding
experiments showed that this genetic control is not linked to the MHC.
It appears that not only immune response genes but also this genetic
control operate in determining whether a given mouse strain will produce
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IgE antibody to a given antigen. These findings collectively indicate that
the persistent IgE antibody response to a given antigen is obtained in
the mouse only when a high-responding, high-IgE-producing strain is
immunized with a minute dose of a potent immunogen together with
an appropriate adjuvant.

Dissociation between the IgE and IgG antibody responses can be
obtained under various conditions. For example, the IgE antibody
response is selectively enhanced by low-dose X-rays of rodents or by treat-
ment of the animals with cyclophosphamide (Chiorazzi et al., 1976; Tada
et al., 1971). Even low-responder mouse strains such as SJL. produced
IgE antibodies if they were irradiated prior to immunization with an
alum-absorbed potent immunogen. On the other hand, repeated injec-
tions of CFA prior to immunization with alum-absorbed protein antigen
selectively suppressed the IgE antibody response to the antigen without
affecting the IgG antibody response (Tung et al., 1978).

In both humans and experimental animals, infections with some
nematodes enhance IgE synthesis (Johansson et al., 1968; Rousseaux-
Provost et al., 1977). If one primes rats with an appropriate antigen for
an IgE antibody response and then infects the animals with the nematode
Nippostrongylus brasiliensis (Nb), IgE antibody formation against the
priming antigen is selectively enhanced (Jarrett and Steward, 1972).
Augmentation of the antibody response, after the nematode infection,
is directed to the IgE isotype; neither IgG; nor IgG, antibody response
to the same antigen was affected by the infection (Block et al., 1973).
These findings collectively suggest that the IgE antibody response is con-
trolled not only by antigen-specific mechanisms but also by some addi-
tional mechanisms selective for the IgE isotype.

B. IgE SYNTHESIS ¢n Vitro
1. IgE Antibody Response by Rabbit Lymphocytes

In order to analyze the mechanisms involved in IgE synthesis, 7n vitro
systems for IgE antibody response are quite useful. The first successful
studies for the elicitation of the secondary IgE antibody production
in vitro were carried out by Ishizaka and Kishimoto (1972). They
immunized outbred rabbits with dinitrophenyl derivatives of Ascaris
extract (DNP-Asc) in alum for the IgE antibody response. After a booster
immunization with alum-absorbed DNP-Asc, animals giving the secondary
IgE antibody response were selected, and their mesenteric lymph node
(MLN) cells were obtained 2 weeks after the booster immunization. The
primed MLN cells were incubated with homologous antigen for 24 hours,
and after being washed the cells were cultured in Marbrook chambers
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for 6 days. The basic findings obtained in these studies were that rabbits
which had developed good primary and secondary IgE antibody responses
n vivo provided MLN cells that were capable of being stimulated in vitro
to develop IgE as well as IgG and IgM antibody responses. Because the
rabbits used in the experiments were outbred, the limitation of this system
was that lymphocytes from two different animals could not be mixed
in the culture. Nevertheless, Kishimoto and Ishizaka (1973) were able
to dissect the respective roles of carrier-specific helper cells and hapten-
specific B memory cells in the development of anti-DNP IgE antibody
response. Rabbits were immunized with alum-absorbed DNP-Asc for the
IgE antibody response and then were supplementally immunized with
ragweed antigen (Rag) in alum or CFA. Their MLN cells were stimulated
with either DNP-Asc or DNP-Rag for the antibody response. The MLN
cells from the animals that received a supplemental immunization of
alum-absorbed Rag formed both IgE and IgG anti-DNP antibodies upon
stimulation with either DNP-Asc or DNP-Rag. On the other hand, MLN
cells of rabbits that received a supplemental immunization of Rag
included in CFA formed IgG anti-hapten antibodies, but not IgE
antibody, upon stimulation with DNP-Rag, while the same cells formed
both IgE and IgG antibodies when stimulated by DNP-Asc. These find-
ings indicate that carrier-specific T cell populations developed by supple-
mental immunization differ depending on the adjuvant employed, and
suggest that the differences in the T cell population are responsible for
the dissociation between the IgE and IgG antibody responses.

2. IgE-Forming Cell Response of Rat Lymphocytes

In order to carry out the analysis of cellular regulatory mechanisms
on the IgE production in the rat, Suemura et al. (1978) established a
system to quantitate the development of plasma cells containing
cytoplasmic IgE. Thus, MLN cells of rats infected with Nb were obtained
4 weeks after the infection, and such cells were cultured for 5 days in
the presence or absence of an appropriate concentration of Nb antigen.
The cells were fixed and stained by indirect immunofluorescence for
cytoplasmic content of IgE, IgM, or IgG. Under these conditions stimula-
tion of MLN cells from infected rats with Nb antigen resulted in the
development of a substantial number of plasma cells that can be stained
for IgE, IgM, or IgG. The Ig-forming cell response was T cell depen-
dent. It was also found that depletion of IgE-bearing cells in the MLN
cells followed by stimulation with Nb antigen resulted in a marked
decrease in IgE-containing cells without affecting the development of
IgM- or IgG-containing plasma cells. The same method was employed
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to observe Ig-forming cell responses to DNP derivatives of OVA (DNP-
OVA) (Suemura and Ishizaka, 1979). Rats were immunized with DNP-
OVA included in CFA. After a booster immunization, their MLN cells
were cultured with 1 ug/ml of DNP-OVA for 5 days, and plasma cells
containing IgE or IgG were enumerated. As expected, a substantial
number of IgG-containing plasma cells but very few IgE-containing
plasma cells developed in the cultures. As described in Section III, this
system was useful for demonstrating IgE-potentiating factor (IgE-PF),
which selectively enhanced IgE-forming cell response without affecting
the IgG-forming cell response.

3. In Vitro Synthesis of IgE by Cultured Mouse Lymphocytes

The IgE antibody response in inbred mouse strains provided most use-
ful information on the mechanisms of IgE synthesis. However, in vitro
IgE antibody responses by murine lymphoid cells have been most diffi-
cult to reproduce. When mice of a good IgE producer strain were
immunized with alum-absorbed antigen for the persistent IgE antibody
response, their spleen cells spontaneously released a substantial amount
of IgE antibodies. Incubation of their spleen cells with homologous
antigen for 24 hours, followed by culture of the antigen-stimulated cells,
resulted in a decrease of IgE antibody formation, while IgG antibodies
in culture supernatant increased upon antigenic stimulation (Danneman
and Michael, 1977).

Successful demonstration of the stimulation of murine IgE synthesis
in vitro was reported by Kimoto et al. (1977). These investigators
immunized BALB/c mice with three injections of alum-absorbed DNP-
OVA or DNP-Asc at 4-week intervals and stimulated their spleen cells
with homologous antigen for 24 hours. The cells were recovered, washed
to remove the antigen and cultured for 6 days using the Marbrook system.
The IgE and IgG,; antibodies were detected in culture supernatants.
The antibody responses required T cells and depended on carrier-specific
helper T cells. Kimoto et al. (1977) confirmed the findings of Kishimoto
and Ishizaka (1973). Thus, they primed BALB/c mice with alum-
absorbed Asc for priming carrier-specific helper cells and proved that
Asc-specific helper cells generated by this priming collaborated with
DNP-specific B cells raised by immunization with alum-absorbed DNP-
OVA; mixture of the two cell populations responded to DNP-Asc for the
IgE and IgG anti-DNP antibody responses. However, the carrier-specific
T cells obtained by priming with Asc included in CFA provided helper
activity only for the IgG antibody response.

Subsequently, Suemura et al. (1981) modified the method. They
immunized BALB/c mice by injecting alum-absorbed DNP derivatives
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of keyhole limpet hemocyanin (DNP-KLH) twice, and stimulated the
spleen cells with homologous antigen for IgE-forming cell responses. Since
the quantity of antihapten antibody response was limited, they evaluated
the immune response by enumerating IgE- and IgG-forming cells by
the reversed-plaque technique. Nevertheless, in vitro development of IgE-
forming cell response or IgE antibody response in antigen-stimulated
cultures is not consistent. Although the other investigators frequently
employed similar methods, success of the response is highly dependent
on the immunization regimen for priming the donor of B cells.
Recently, however, a consistent method was developed based on the
participation of interleukin (IL)-4-producing helper T cells in the IgE
synthesis. As will be described below, stimulation of B cells with
lipopolysaccharide (LPS) in the presence of 300-1000 U/ml of IL-4
induced not only IgM and IgG formation but also IgE synthesis (Coffman
et al., 1986). It was also found that cognate interaction of B cells with
an antigen-primed, IL-4-producing T cell clone resulted in the differen-
tiation of B cells into plasma cells that form either IgG, or IgE.

4. IgE Synthesis by Human Lymphocytes

Numerous investigators have reported that peripheral blood
mononuclear cells (PBMGCs) from patients with elevated serum IgE levels
synthesized substantial amounts of IgE in culture, whereas PBMCs from
nonatopic donors failed to synthesize a detectable amount of IgE (Fisher
and Buckley, 1979; Romagnani et al., 1980; Saxon et al., 1980). Since
the concentration of IgE detected in culture supernatants was low, the
possibility was raised that PBMC cells contained preformed IgE, or bore
IgE on their surface, and the protein was released into culture super-
natants during the culture. Indeed, several investigators claimed that
nearly one half of IgE released into culture supernatants may represent
IgE preformed #n vivo (Sampson and Buckley, 1981; Turner et al., 1983).
However, if partially purified B cells from atopic individuals were
cultured, the percentage of preformed IgE by the B cells of hyper-IgE
individuals was less than 10-20% of the final IgE synthesized in 7 days’
culture (Leung and Geha, 1986). It appears that B cells of atopic donors
synthesize substantially more IgE than do normal B cells n vitro. The
cell source of IgE synthesized in cultures appears to be light-density-
activated B cells (Saxon et al., 1980).

For understanding of the mechanisms controlling the IgE response
of human lymphocytes, several laboratories have studied the ability of
pokeweed mitogen (PWM) to induce human PBMCs to synthesize IgE,
with conflicting results. Although the attempts were successful in some
laboratories by selecting culture conditions and the dose of PWM (Saxon
and Stevens, 1979; Zuraw et al., 1981), PWM failed to stimulate IgE
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synthesis by normal PBMCs in most studies and inhibited spontaneous
formation of IgE by PBMCs from atopic patients (Fisher and Buckley,
1979; Saryan et al., 1983). Similarly, Staphylococcus aureus Cowan I
strain and Epstein-Barr virus consistently stimulated normal PBMCs
for IgG formation, but gave conflicting results on IgE synthesis (Deguchi
et al., 1983; Saryan et al., 1983). Failure of IgE synthesis in these systems
was not due to suppressor T cells, because depletion of OKT8* (CD8*)
T cells in normal PBMCs did not enhance the IgE synthesis (Saryan
et al., 1983).

Differentiation of human B cells for IgE synthesis was achieved by
using alloreactive T cells. Lanzavecchia (1984) has reported that human
alloreactive T cell clones can induce IgE secretion by B cells. The finding
suggested that cognate interaction through HLA-DR determinants
expressed on the relevant B cells could activate IgE synthesis by normal
B cells. Indeed, the results were confirmed by Umetsu et al. (1985). B cells
from both normal and allergic donors could be induced to synthesize
Igs of all isotypes, including IgE, when they were cocultured with some
alloreactive T cell clones. The results indicated that resting B cells can
be activated for IgE synthesis under conditions of cognate interaction
with helper T cells. Obviously, not all alloreactive T cell clones can
induce the formation of IgE. From the findings described below,
the T cell clones that form IL-4 would be essential for the production
of IgE.

On the other hand, IgE synthesis by B cells of atopic individuals can
be stimulated through bystander effects as well. When B cells lacking
the stimulatory alloantigens are cultured in the presence of alloreactive
T cell clones stimulated by third-party monocytes bearing the appropriate
alloantigens, IgE was detected in culture supernatants (Umetsu et al.,
1985). Under the same culture conditions, B cells from nonatopic donors
failed to synthesize IgE, although increased amounts of I1gG, IgM, and
IgA were produced by B cells from both atopic and nonatopic individuals.
It appears that both resting and preactivated precursor B cells are present
in the peripheral blood of atopic individuals and that only the latter
B cell population responded to lymphokines released from alloreactive
T cells.

C. T CerLs AND B CELLs INVOLVED IN THE IgE
ANTIBODY RESPONSE

1. Precursors of IgE-Forming Cells

Extensive studies of the surface Ig (sIg) on mouse B cells by many
investigators showed that resting B cells bear IgM and IgD, and that
the B cells bearing the other isotypes are derived from the virgin B cells
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(Warner, 1974). It is generally accepted that lymphocytes bearing IgG
or IgA are already committed to the synthesis of the respective isotypes
after differentiation. The same principle may apply for the precursors
of IgE-forming cells. Although the number of sIgE* B cells is low, sIgE*
B cells were demonstrated in rodent lymphoid tissues, under certain con-
ditions (Uede et al., 1984). However, early demonstration of IgE-bearing
B cells may largely be due to binding of external IgE to FceRII on B
cells. Katona et al. (1983) reported that the proportion of IgE-bearing
B cells in BALB/c spleen cells increased after infection with Nb, but
the majority of IgE on the cells was passively bound through the recep-
tors for IgE (FceRII). IgE on these B cells could be removed by exposure
of the cells to acid pH. Furthermore, the majority of B cells in a normal,
unprimed mouse formed rosettes with IgE-coated erythrocytes (Vander-
Mallie et al., 1982), and the majority of sigM* sIgD* B cells in normal
human peripheral blood could be stained with monoclonal anti-FceRII
antibodies in immunofluorescence (Kikutani et al., 1986b). Nevertheless,
B cells with intrinsic sIgE can be demonstrated under certain cir-
cumstances. As described above, a persistent IgE antibody response can
be obtained by immunization of a high-IgE-producing (BDF;) mouse
strain with alum-absorbed OVA. Transfer of their spleen cells into
irradiated syngeneic mice followed by a booster immunization of the
recipients with alum-absorbed OVA, results in an extremely high IgE
antibody response. A substantial portion of B cells in the spleen of the
recipients bears IgE, which cannot be removed by exposure of the cells
to acid pH (Uede et al., 1984). It was also found that some IgE-producing
hybridomas bear sIgE on their surface (Suemura et al., 1983). Thus,
the precursors of IgE-forming cells appear to express sIgE at certain stages
of differentiation.

2. Role of IL-4 and IL-4-Producing Helper T Cells

The IgE antibody response is highly T cell dependent, and nude mice
failed to respond to alum-absorbed antigen for the IgE antibody response.
These findings suggest that T cell-derived lymphokines are involved in
the differentiation of B cells to IgE-forming cells. Recently, evidence
was presented that IL-4 from helper T cells is involved in the differen-
tiation of B cells to IgE-forming cells. It is well known that stimulation
of mouse B cells with LPS results in the differentiation of B cells and
the formation of a variety of Ig isotypes, except IgE (Parkhouse and
Cooper, 1977). However, culture of the same B cells for 5 days with LPS
together with 300-1000 units/ml of recombinant IL-4 resulted in the
formation of IgE and selective enhancement of IgG; formation
(Coffman et al., 1986), which was accompanied by decreases in IgGgy,
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and IgGs formation. For this effect, it is not necessary that IL-4 be
present from the start of the cultures but it must be added by day 2
for maximum IgE and IgG; enhancement (Coffman and Carty, 1986).
It was also found that culture of pure B cells with LPS and IL-4 resulted
in the appearance of sIgE- and sIgG,-bearing B cells (Snapper et al.,
1988b) and that depletion of sIgE* B cells developed in the culture
abolished LPS plus IL-4-induced IgE formation. Since neither IL-4 itself
nor anti-IgM plus IL-4 induced the differentiation of B cells for IgE
synthesis, the major effect of IL-4 in the system appears to be switching
of sigM* sIgD* B cells for the expression of sIgG; and/or sIgE (Snapper
et al., 1988a). It is known that IL-4 enhances the biosynthesis of Ia
molecules and FceRII in B cells (Conrad et al., 1987; Noelle et al., 1984).
A relatively low concentration (3-5 units/ml) of IL-4 is sufficient for
this effect. The concentration of IL-4 required for switching of B cells
for IgE synthesis is much higher than the physiological concentration
of IL-4. However, Coffman et al. (1988) demonstrated that the presence
of IL-5 together with IL-4 diminished the minimum concentration of
IL-4 for IgE synthesis to 5-10 U/ml.

The effect of IL-4 on the IgE synthesis was also demonstrated in human
PBMGs. Recently, Péne et al. (1988a,b) have shown that culture of normal
human PBMC cells with 100 U/ml of human IL-4 resulted in the for-
mation of IgE. In this system, however, both T cells and monocytes are
required for the induction of IgE synthesis by normal B cells. The same
observations were made by Prete et al. (1988).

It has been shown that the effect of IL-4 on B cells is counteracted
by +-interferon (IFNy). This lymphokine inhibits not only the
IL-4-induced increase in Ia expression (Mond et al., 1986) and FceRII
(Conrad et al., 1987) on resting B cells, but also the formation of IgE
and IgG; by B cells stimulated with LPS plus IL-4 (Coffman and Carty,
1986). Only 1-10 antiviral U/ml IFN¥y totally inhibits IL-4 plus LPS-
induced IgE and IgG, production. Although IFN+ could be inhibitory
to the production of other isotypes by LPS-stimulated B cells, inhibi-
tion of IgG and IgM production by this concentration of IFN+y was less
than 50%. The IL-4-induced formation of IgE by human PBMCs was
also suppressed by IFN+y and IFN« (Péne et al., 1988b). These findings
suggest that the proportion among various lymphokines in the environ-
ment of B cells may affect the distribution of antibodies among various
isotypes.

As described in Section II,A, the IgE antibody response is ob-
tained by immunization of high-responder mice with a minute dose of
alum-absorbed antigen. This finding suggests that differentiation of
B cells to IgE-forming plasma cells is triggered by cognate interaction
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between antigen-specific helper T cells and B cells, rather than by
lymphokines released from helper T cells. Mosmann et al. (1986)
described that mouse helper T cell clones can be classified into two sub-
types, i.e., TH; and THjy, which produce different ILs upon antigenic
stimulation. Both subsets express Lyt-1 and L3T4; however, TH, pro-
duces IL-2, TFNv, and lymphotoxin, while THy; produces IL-4 and
IL-5. The other lymphokines, such as IL-3 and granulocyte-macrophage
colony-stimulating factor, are produced by both subsets. It is not clear
whether these two subsets exist as distinct lineages or whether a single
helper T cell can give different patterns of lymphokine production,
depending on the nature of the stimulus or the environment of the cells.
Nevertheless, the lymphokine secretion phenotypes of TH; and TH,
clones are quite stable, suggesting that individual stimulated helper
T cells may express only one phenotype. Coffman et al. (1988) found
that both TH; and THj; clones can provide help to B cells under
appropriate conditions; however, there are important differences in the
Ig isotypes produced by B cells in response to the different subsets. Thus,
these investigators employed rabbit IgG-specific TH; and THj; clones
established by Tony and Parker (1985) and induced polyclonal activa-
tion of normal B cells by culture of the cells with rabbit anti-mouse Ig
antibodies and the helper T cell clone. As shown in Table I, TH, clones
gave much better help than did TH; clones for the production of Ig.
The majority of the Ig produced by the polyclonal activation of B cells
by the TH; clone was IgM and IgG; but a substantial quantity of IgE
was also produced in the system. When the same B cells were cultured
with a rabbit IgG-specific TH; clone and rabbit anti-mouse Ig, only

TABLE I
ISOTYPE DISTRIBUTION OF POLYCLONAL RESPONSE OF NORMAL
B CeELLS TO RGG-SpPEcIFic HELPER T CELL CLONES?

TH;
THg TH,; + IL-2 + anti-IFN«y
Isotype (ng/ml) (ng/ml) (ng/ml)
IgM 98,000 248 65,000
IgE 187 <1 <1
IgA 484 <1 825
I1gGy 21,600 <8 5280
IgGe, 39 14 2760
IgGap 189 <8 135
IgGs 354 <8 474

2Coffman et al. (1988).
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IgM was detected in culture supernatants. The results shown in Table I
indicate that helper T cells for Ig production are TH; cells rather than
TH, cells. Since IFNy could be suppressive for the production of Ig,
these investigators supplemented the TH, system with anti-IFNy and
IL-2. As shown in Table I, addition of anti-IFN+ antibodies and IL-2
to the system enhanced the formation of IgM, IgG;, and IgGg, but did
not give the formation of IgE. However, the addition of IL-4 to the TH,
system resulted in the formation of IgE. These results indicate that TH,
cells are essential for IgE synthesis and suggest that the distribution of
antibodies among various isotypes differ depending on the proportion
between the two subsets of helper T cells.

Requirement of THj cells and IL-4 for IgE synthesis may partly
explain the dissociation between the IgE and IgG antibody responses.
It is not known whether different types of adjuvant may affect the
distribution of helper T cells between the two subsets. However, it became
clear that spleen cells of mice infected with the nematode Nb formed
IL-4 (Finkelman et al., 1986b). This lymphokine is almost undetectable
in culture supernatants when mice were primed with a protein antigen
and their spleen cells were stimulated by homologous antigen. Detec-
tion of IL-4 in the culture supernatant of lymphoid cells of Nb-infected
animals indicates that the nematode infection enhances the production
of IL-4 through unknown mechanisms and suggested that IL-4 enhanced
the IgE synthesis. IL-4 may also explain the strain differences in IgE
synthesis. As described, nude mice as well as those of the SJA/9 strain
failed to form IgE even after Nippostrongylus infection. However, stimula-
tion of B cells from SJA/9 and nude mice with LPS together with re-
combinant IL-4 induced the formation of IgE (Azuma et al., 1987). The
results suggest that this strain may have deficiencies in the production
of IL-4 but not in the precursor B cells of IgE-forming cells.

Series of experiments indicating the essential role of IL-4 or
IL-4-producing T helper cells for IgE synthesis provided 7n witro systems
for the production of IgE. It has been shown that the presentation of
conalbumin to the conalbumin-specific THy clones D10.G4 cells by
unprimed B cells results in the differentiation of B cells for Ig-forming
cells (Keegan et al., 1989). In this system conalbumin-primed B cells
are not required. Indeed, coculture of B cells from CBA or C3H strains
with mitomycin-treated D10.G4 cells in the presence of conalbumin for
6 days resulted in the production of both IgG; and IgE. Since normal
B cells can process conalbumin, these cells present antigen to D10 cells,
which in turn stimulate B cells for differentiation to IgE-forming cells.
The same principle may apply for human lymphocyte systems. Prete
et al. (1988) have shown that many human CD4* T cell clones produce
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both IL-4 and IFNy and indicated that TH; and TH3 phenotypes do
not apply for human T cells. However, they demonstrated that the ability
of the helper T cell clones to induce ¢n vitro IgE synthesis in human
B cells correlated with their ability to release IL-4 and inversely related
to their ability to release IFN+y. Ohehir et al. (1988) established helper
T cell clones specific for Dermatophagoides farinae from PBMCs of house
dust-sensitive patients. Culture of an IL-4-producing T cell clone and
autologous B cells in the presence of the antigen resulted in the forma-
tion of IgE.

1ll. Isotype-Specific Regulation by IgE-Binding Factors (IgE-BFs)

A. BiorocicaL AcTIVITIES OF IgE-BFs

Dissociation between the IgE and IgG antibody responses raised the
possibility that the IgE antibody response may be regulated not only
by antigen-specific helper and suppressor T cells but also by a mecha-
nism selective for this isotype. Since the infection of antigen-primed rats
with Nb selectively potentiated the IgE antibody response (Jarrett and
Steward, 1972) and the IgE-specific potentiation is dependent on T cells
(Jarrett and Ferguson, 1974), it was anticipated that T cells of Nb-
infected rats would selectively enhance the differentiation of IgE B cells
to IgE-forming cells. Indeed, T cells obtained 2 weeks after Nb infection,
as well as soluble factors from the T cells, selectively enhanced the in
vitro IgE-forming cell response of DNP-OVA-primed rat MLN cells to
homologous antigen (Suemura et al., 1980). The T cell factors respon-
sible for the selective potentiation of IgE response had affinity for IgE
and could be purified by absorption with IgE-coupled Sepharose,
followed by elution at acid pH (Suemura et al., 1980; Yodoi et al., 1980).
The factors could be detected by their ability to inhibit rosette forma-
tion of FceR* lymphocytes with IgE-coated erythrocytes.

Subsequent experiments revealed that T-cell factors having affinity
for IgE, i.e., IgE-BFs, exhibit heterologous biological activities and
physicochemical properties. Normal MLN cells did not release IgE-BFs,
but incubation of the cells with homologous IgE resulted in the forma-
tion of IgE-BFs. When MLN cells obtained from rats 8 days after Nb
infection were incubated with IgE, cells produced IgE-BFs, which selec-
tively suppressed, rather than enhanced, the /n witro IgE response
(Hirashima et al., 1980a). The major cell source of IgE-PFs and IgE-
suppressive factors (IgE-SFs) appeared to be T cells.

Formation of IgE-BFs is not confined to rodent lymphocytes. Human
lymphocytes activated by mixed-lymphocyte cultures produced IgE-BFs
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upon incubation with homologous IgE (Ishizaka and Sandberg, 1981).
Saryan et al. (1983) reported that peripheral T cells of patients with
hyper-IgE syndrome or atopic dermatitis produced soluble factors that
have affinity for IgE and selectively enhance the IgE synthesis by the
peripheral blood lymphocytes of allergic individuals. On the other hand,
Leung et al. (1984) reported that sera of nonatopic individuals who have
extremely low serum IgE levels contained IgE-BFs, which selectively sup-
pressed the IgE formation by the peripheral blood lymphocytes of atopic
patients.

The targets of IgE-BFs appear to be sIgE* B cells, which are already
committed for IgE synthesis. Incubation of splenic B cells and plasma
cells from IgE-producing BDF; mice with affinity-purified rodent
IgE-SFs resulted in a marked decrease in the number of sIgE* B cells,
IgE plaque-forming cells, and IgE-containing plasma cells (Uede et al.,
1984). The same IgE-SFs also suppressed IgE formation by IgE-producing
hybridomas that bear sIgE (Suemura et al., 1983; Uede et al., 1984).
The same principle will apply for human lymphocyte systems. IgE-PFs
from an FceR* human T cell clone (Young et al., 1984) and those from
a human T cell hybridoma (Kisaki et al., 1988) enhanced spontaneous
formation of IgE by the B cells of allergic patients, and enhanced IgE
formation by the B cells induced by alloreactive T cells under bystander
conditions. Young et al. (1984) have shown that the targets of IgE-PFs
are low-density sIgE* B cells circulating in patients with symptomatic
allergic rhinitis. B cells from normal nonatopic individuals or patients
with asymptomatic seasonal allergic rhinitis, whose cell cultures had no
detectable levels of de novo spontaneous IgE synthesis, did not respond
to IgE-PFs. However, stimulation of normal B cells with certain allogeneic
T cell clones renders them responsive to IgE-PFs (Leung et al., 1986).
These observations suggest that IgE-PFs act primarily as differentiation
signals on preactivated sIgE* B cells. It should be noted that the major
effect of IL-4 in the IgE synthesis is switching of resting B cells to sIgE*
B cells. On the other hand, IgE-PFs and IgE-SFs appear to regulate the
differentiation of sIgE* B cells to IgE-forming cells. Since IgE-BFs bind
to sIgE* B cells but not to B cells bearing the other isotype(s), the effect
of IgE-BFs is selective for this isotype.

B. CORRELATION BETWEEN THE IgE RESPONSE AND THE BIOLOGICAL
AcTiviTIES OF IgE-BFs

It was found that IgE-BFs are formed under various experimental
conditions, including incubation of normal rodent lymphocytes with
homologous IgE (Yodoi and Ishizaka, 1980). Important findings obtained
in a series of experiments were that selective enhancement of the IgE
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response by various immunological maneuvers was accompanied by the
formation of IgE-PFs, while procedures for suppressing the IgE response
induced the formation of IgE-SFs. Thus, a single injection of Bordetella
pertussis vaccine, which is the best adjuvant for the IgE response, induces
the formation of IgE-PFs (Hirashima et al., 198la). In contrast, repeated
injections of CFA, which is known to selectively suppress the IgE response
to an unrelated antigen, induce the formation of IgE-SFs (Hirashima
et al., 1980b). It was also found that the formation of IgE-BFs is
associated with the immune response. Immunization of Lewis rats with
KLH absorbed to alum resulted in the formation of IgE antibodies, and
their spleen cells formed IgE-PFs upon antigenic stimulation. However,
when the same strain was immunized with KLH included in CFA, no
IgE antibody response was obtained, and their spleen cells formed IgE-SFs
upon antigenic stimulation (Uede et al., 1982).

Similar findings were observed in the mouse as well. When high-IgE-
producer BDF; mice were immunized with a minimum dose of alum-
absorbed OVA for persistent IgE antibody formation, their spleen cells
formed IgE-PFs upon antigenic stimulation (Uede and Ishizaka, 1984).
In contrast, intravenous injections of OVA into the same strain, which
suppress the IgE antibody response to alum-absorbed OVA, primed their
spleen cells for the formation of IgE-SFs (Jardieu et al., 1984). Kishimoto
et al. (1976) described that priming of BALB/c mice with DNP derivatives
of mycobacteria (DNP-Myc) suppressed the IgE antibody response to
alum-absorbed DNP-OVA, and that spleen cells of DNP-Myc-primed
mice released IgE-specific suppressive factor (IgE-IsF) upon incubation
with DNP-bovine serum albumin (BSA) (Suemura et al., 1977). Their
subsequent experiments showed that IgE-TSF had affinity for IgE, and
belonged to IgE-BFs (Suemura et al., 1981).

Strain differences in the IgE response also have correlation with
biological activities of IgE-BFs formed. In contrast to BDF; mice
immunization of SJL. mice with alum-absorbed antigen and incubation
of their spleen cells with the antigen resulted in the formation of IgE-SFs
(Uede and Ishizaka, 1984). Such a strain difference in the nature of IgE-
BFs was observed even without immunization. It was found that incuba-
tion of normal mouse spleen cells or rat MLN cells with homologous
IgE resulted in the formation of IgE-BFs (Uede et al., 1983a; Yodoi and
Ishizaka, 1980). When normal lymphocytes from Lewis rats or BALB/c
mice were incubated with homologous IgE, IgE-BFs formed by the cells
were a mixture of IgE-PFs and IgE-SFs. Incubation of spleen cells of
a high IgE producer, BDF; mice, with mouse IgE resulted in the for-
mation of IgE-PFs. In contrast, normal SJL mouse spleen cells formed
IgE-SFs upon incubation with IgE (Uede and Ishizaka, 1984). However,
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SJL mice produced IgE antibodies if they received low-dose X-rays or
cyclophosphamide prior to immunization, and the spleen cells of the
treated mice formed IgE-PFs upon incubation with the homologous
antigen (Akasaki and Ishizaki, 1987). These findings collectively indicate
that IgE-PFs are formed whenever IgE synthesis is enhanced and/or IgE
antibody response is induced, while IgE-SFs are formed in various con-
ditions in which the IgE response is suppressed.

The same principles may be applied to human IgE-BFs. As described,
T cells of patients with hyper-IgE syndrome, such as atopic dermatitis,
constitutively secrete IgE-PFs (Saryan et al., 1983) while sera of nonatopic
individuals, who have extremely low serum IgE levels, contained IgE-SFs
(Leung et al., 1984). The correlations between an enhancement of the
IgE response and the formation of IgE-PFs and between suppression
of the IgE response and the formation of IgE-SFs strongly suggest that
IgE-BFs are involved in the regulation of the IgE response in vivo.

C. PHYSICOCHEMICAL PROPERTIES AND STRUCTURE OF IgE-BFs

The T cell-derived IgE-BFs are glycopeptides and are heterogeneous
with respect to their molecular mass. When spleen cells of antigen-
primed rats or mice were stimulated by homologous antigen or IgE, the
IgE-BFs formed by the cells consisted of the 60-, 30-, and 15-kDa species
(Uede et al., 1983a). Rodent T cell hybridomas, i.e., 23B6 and 231 F;
(Huff et al., 1982; Jardieu et al., 1985a), as well as human T cell hybri-
doma 166A2 (Huff et al., 1986), formed the three species when they
were incubated with homologous IgE. Another rodent hybridoma, 23A4
(Huff et al., 1982), and two human T cell hybridomas, 166Gl11 and 400G2
(Huff et al., 1986), formed the 60- and 30-kDa IgE-BFs upon incuba-
tion with IgE. An FceR* human T cell clone, which was established
from the peripheral blood of an atopic dermatitis patient, constitutively
secreted the 60- and 15-kDa IgE-PFs (Young et al., 1986).

The major differences between the 15-kDa IgE-PFs and the 15-kDa
IgE-SFs appear to be carbohydrate moieties. The 15-kDa IgE-PFs from
both rodent T cells and human T cell hybridomas have affinity for lentil
lectin and concanavalin A (Con A) (Huff et al., 1986; Yodoi et al., 1980).
The 15-kDa IgE-SFs from both species failed to bind to the lectins, but
have affinity for peanut agglutinin (PNA) (Hirashima et al., 1980a; Huff
et al., 1986). Although the 60-kDa IgE-SFs do not necessarily bind to
PNA, the 60-kDa IgE-PFs from both species have affinity for lentil lectin
(Jardieu et al., 1985b).

The amino acid sequence of the rodent IgE-BF peptide was revealed
by gene cloning. Martens et al. (1985) incubated the rodent T cell
hybridoma 23B6 with rat IgE to induce the formation of IgE-SFs, and
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obtained mRNA from the cells. They constructed cDNA libraries from
the mRNA and isolated four cDNA clones encoding IgE-BFs. Transfec-
tion of COS 7 monkey kidney cells with the cDNA clone in mammalian
cell expression vector pcD resulted in the formation of IgE-BFs. None
of the IgE-BFs derived from the four cDNA clones suppressed the in wvitro
IgE-forming cell response, but the products of two cDNA clones selec-
tively potentiated the IgE response. The IgE-BFs derived from one of
the cDNA clones, i.e., clone 8.3, consisted of two species of about 60
and 11 kDa. Both species of the IgE-BFs had affinity for lentil lectin
and selectively potentiated the IgE response of rat MLN cells.

The nucleotide sequence of cDNA clone 8.3 revealed a putative protein
coding region of 556 amino acids (Fig. 1). The peptide contained two
potential sites for N-linked glycosylation (CHO site) and several poten-
tial sites for posttranslational proteolytic cleavage (shown by arrows in
Fig. 1). The molecular weight of the peptide calculated from the
predicted amino acid sequence was approximately 62,000 and cor-
responded to the 60-kDa IgE-BFs formed by transfection with the cDNA
clone. Thus, the 11-kDa IgE-PFs must be a cleavage product of the 60-kDa
peptide. The 11-kDa IgE-PFs have affinity for lentil lectin, indicating
that the molecules contain one of the two sites for N-glycosylation.
Martens et al. (1987) constructed a carbohydrate attachment site mutant
of clone 8.3, so that the product of the mutant would lack the amino-
terminal proximal carbohydrate attachment site (CHO,). The muta-
tion changed the asparagine residue of the AsnTrp-Ser sequence at
CHO; site to a glutamine residue. However, transfection of COS 7 cells
with the mutant resulted in the formation of both the 60- and 11-kDa
IgE-PFs, which had affinity for lentil lectin, indicating that the 11-kDa
IgE-PFs contain the amino-terminal distal glycosylation (CHO,) site.
These investigators found that antigenic determinant, recognized by the
monoclonal antibody OX-3, is oligosaccharide attached to the CHO,

pcD 8.3
_ I — = =
T ¥ ’ 100 bp
CHO,  CHO,

FiG. 1. Restriction map of pcD clone 8.3 encoding rodent IgE-BF. Bottom bar
indicates the putative protein coding region. Potential N-linked glycosylation sites (CHO)
and proteolytic cleavage sites (arrows) are shown.
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site and/or the conformational determinant, expression of which requires
glycosylation at the CHO; site. Failure of the 11-kDa IgE-PFs to bind
to the antibody indicates that the factors do not contain the CHO; site
(Martens et al., 1987). However, the 11-kDa factors bound to antibodies
against a synthetic peptide corresponding to a segment between the two
CHO sites, indicating that the 11-kDa factors contain this segment.

It was found that a DNA segment near the carboxy terminus of clone
8.3 has a striking homology with a highly conserved region of the reverse
transcriptases of several retroviruses (Martens et al., 1985). Indeed, the
cDNA clone hybridized with a cloned mouse intracisternal A particle
(IAP) gene but not with DNA from several other cloned retroviruses
(Moore et al., 1986). A comparison of the DNA sequence of clone 8.3
and a partial sequence of the genomic IAP clone showed that these
sequences share extensive homology throughout the region of the cDNA
clone from which the 11-kd IgE-BFs are derived. Furthermore, rabbit
antiserumn against electrophoretically isolated IAP structural protein gp73
absorbed not only IgE-BFs derived from cDNA clone 8.3 but also those
produced by either the hybridoma 23B6 or the MLN cells of Nb-infected
rats. However, neither IAP nor gp73 is released from the cells. Many
cells transcribe IAP genes abundantly but do not express detectable IgE-
BFs or FceR. It was also found that only a small number (four of 70)
of the cross-hybridizing cDNA clones from the 23B6 library express IgE-
BF activity. It is apparent the IgE-BF gene and IAP genes belong to
the same family. However, this does not necessarily mean that IgE-BFs
are IAPs.

Gene cloning of rodent IgE-BFs suggested possible relationships among
the 60-, 30- and 15-kDa IgE-BFs from the T cell hybridoma 23B6 and
those from murine T cells (Jerdieu et al., 1985b). Since the 60-kDa
IgE-BF molecule is composed of a single polypeptide chain, the 30- and
15-kDa IgE-BFs should be posttranslational cleavage products of the
60-kDa precursor molecules. A fraction of the 60-kDa IgE-BF was cleaved
by reduction and alkylation treatment to yield the 30-, 15-, and 10-kDa
IgE-BFs and the same treatment of the 30-kDa IgE-BF yielded the 15-
and 10-kDa fragments. Reduction and alkylation of the recombinant
60-kDa IgE-PF also yielded the 11-kDa IgE-PF. It appears that a frac-
tion of the 60-kDa peptide was already cleaved by proteolytic enzyme(s),
but the fragments were held together by intrachain disulfide bonds. Since
the predicted amino acid sequence of the recombinant 60-kDa peptide
contains nine cysteine residues (Martens et al., 1985), it was anticipated
that some of these residues were involved in intrachain disulfide bonds.

Differences between 15-kDa IgE-PF and IgE-SF and their affinities
for various lectins suggested a possible role of carbohydrate moieties in
their biological activities. The hypothesis was supported by the fact that
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rat T cells activated by 10 ug/ml of Con A, which produced IgE-PFs
upon incubation with IgE, produced IgE-BFs with suppressive activity
when they were incubated with IgE in the presence of tunicamycin, which
inhibits the assembly of N-linked oligosaccharides (Yodoi et al., 1981a).
Pretreatment of the same Con A-activated cells with glucocorticoids,
followed by incubation with IgE or with IgE in the presence of lipo-
cortin, a phospholipase-inhibitory protein, induced the formation of
IgE-SFs, which had affinity for PNA (Uede et al., 1983b; Yodoi et al.,
1981b). Furthermore, the T cell hybridoma clone 23B6, which produces
IgE-SFs upon incubation with IgE, formed IgE-PFs when incubated with
IgE in the presence of monoclonal antilipocortin antibody, which
activated phospholipase (Huff et al., 1983). Such a switching of the
biological activities of IgE-BFs was observed in a human T cell hybridoma
as well (Huff et al., 1986). When the hybridoma 166A2 were incubated
with homologous IgE, essentially all IgE-BFs formed by the cells had
affinity for Con A. However, only a small fraction of the factors had
affinity for lentil lectin, and the factors exerted only weak potentiating
activity on the IgE response. If the same cells were incubated with IgE
in the presence of bradykinin, which activates phospholipase Ay, essen-
tially all IgE-BFs formed by the cells had affinity for lentil lectin, and
the factors had much higher potentiating activity than those formed
in the absence of bradykinin. In contrast, incubation of the hybridoma
cells with IgE in the presence of lipocortin resulted in the formation
of IgE-BFs having affinity for PNA (but not for Con A), and these factors
selectively suppressed the IgE response.

The capacity of a T cell clone to form either IgE-PFs or IgE-SFs under
different conditions suggested that IgE-PFs and IgE-SFs are structurally
related. The hypothesis was supported by transfection of COS 7 cells
with a single cDNA clone. The transfection of the cells with cDNA clone
8.3 resulted in the formation of both the 60- and 1i1-kDa IgE-PFs.
However, when the transfection was carried out in the presence of
tunicamycin, IgE-BFs formed by the cells lacked affinity for lentil lectin
and Con A, and the factors suppressed the IgE response (Martens et al.,
1987). The results suggest that IgE-PFs and IgE-SFs may share a common
structural gene, therefore a common polypeptide chain, and that
biological activities of IgE-BFs are determined by a posttranslational
glycosylational process.

The effect of tunicamycin on the biological activities of IgE-BFs
indicates that N-linked, mannose-rich oligosaccharide(s) in the IgE-PF
molecules is essential for their biological activities. As described above,
the recombinant 60-kDa IgE-BF of the carbohydrate attachment site
mutant of cDNA clone 8.3 lacks an N-linked oligosaccharide attached
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to the CHOj site but contains an N-linked oligosaccharide attached to
the CHO; site and exerted potentiating activity on the IgE response
(Martens et al., 1987). This result suggests that N-linked oligosaccha-
ride(s) attached to the CHO; site is essential for IgE-potentiating
activity.

Structures of oligosaccharides in IgE-PF and IgE-SF molecules are
unknown. However, evidence was obtained that the 15-kDa rat IgE-PF
has both N-linked oligosaccharide and O-linked oligosaccharide(s) and
their terminal residues are sialic acids (Yodoi et al., 1982). The biological
activities of the 15-kDa IgE-PF were lost by treatment of the factors with
neuraminidase (Yodoi et al., 1980), indicating that the terminal sialic
acid residues are essential for potentiating activity. On the other hand,
the 15-kDa IgE-SF appears to contain O-linked oligosaccharides whose
terminal residues are galactose — N-acetylgalactosamine (Yodoi et al.,
1982). Although this factor does not have affinity for either Con A or
lentil lectin, it is not clear whether the factor contains an N-linked
oligosaccharide having no affinity for the lectins or lacks such an oligosac-
charide. Nevertheless, N-linked oligosaccharide does not appear to be
involved in the function of IgE-SFs, because the presence of tunicamycin
does not affect the biological activities of IgE-SFs formed by T cells (Yodoi
et al., 1982).

D. STRUCTURE OF FceRIl oN B LYMPHOCYTES
AND B CELL-DERIVED IgE-BFs

Since IgE-BFs have affinity for IgE, it was originally anticipated that
the factors were derived from FceRII on lymphocytes (Yodoi et al., 1980).
It was well established that the majority of FceR* cells are B cells in both
humans and rodents (Fritche and Spiegelberg, 1978; Gonzalez-Molina
and Spiegelberg, 1977), and that lymphoblastoid cells transformed by
Epstein-Barr virus bear a high density of FceR (Gonzalez-Molina and
Spiegelberg, 1976). Kikutani et al. (1986b) reported that essentially all
mature p*6* human B lymphocytes bear FceR, as determined by
immunofluorescence with monoclonal anti-FceRII antibody, while other
subsets of B cells bearing surface IgG, IgA, or IgE do not express FceRII.
The FceRs on mouse B cells and human lymphoblastoid RPMI 8866 cells
represent a single polypeptide chain of 49 and 47 kDa, respectively (Conrad
and Petersen, 1984). Sarfati et al. (1984) acually have shown that culture
supernatants of human B lymphoblastoid RPMI 8866 cells contain soluble
substances which inhibit rosette formation of FceR* with IgE-coated
erythrocytes. The major component of this factor was 25-29 kDa, was
bound to monoclonal antibody against FceRII and was proved to be a
fragment of the receptors (Ikuta et al., 1987; Sarfati et al., 1987a).
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Structures of FceRIIs on RPMI 8866 cells and IgE-BFs derived from
the cells became clear by cloning of genes for the receptors by three groups
of investigators (Ikuta et al., 1987; Kikutani et al., 1986a; Ludin et al.,
1987). The receptor molecule is a single glycopeptide chain consisting
of 321 amino acids. The hydrophilicity plot of the peptide indicates the
lack of an amino-terminal signal sequence and the presence of a putative
transmembrane portion near the amino-terminal end (amino acid resi-
dues 35-45). The findings suggest that the carboxy terminus is exposed
to the cell exterior and the amino terminus is cytoplasmic. The sequence
of the peptide has homology with animal lectins such as chicken hepatic
lectin, human and rat asialoglycoprotein receptor, and rat mannose-
binding protein C, of which the amino terminus is located on cytoplasmic
slide (Ikuta et al., 1987; Kikutani et al., 1986a). The nucleotide sequence
of the FceRII gene shares no homology with that of rodent T cell-derived
IgE-BFs described above nor FcyR on lymphocytes (Raretch et al., 1987)
or o chain of FceRI on rat basophilic leukemia cells (Kinet ez al., 1987).
Partial amino acid sequence of the 25-kDa soluble fragment indicates
that the fragment with affinity for IgE represents the carboxy-terminal
half, i.e., amino acids 148-321, of the receptor peptide (Ikuta et al.,
1987; Kikutani et al., 1986a). Thus, the fragment appears to be a pro-
teolytic cleavage product of FceRII.

The predicted amino acid sequence of FceRII peptide also indicated
that the receptors on human B cells have only one N-linked glycosyla-
tion site, and that the 25-kDa IgE-binding fragment does not contain
any N-linked glycosylation site (Ikuta et al., 1987). The fragment was
detected in the sera of both normal individuals and atopic patients by
radioimmunoassay using monoclonal anti-FceRII antibody (Sarfati et
al., 1986). However, lack of an N-glycosylation site in the 25-kDa frag-
ment indicates that the soluble fragment of the FceRII is distinct from
T cell-derived IgE-PFs, which have affinity for both Con A and lentil
lectin.

It is well known that FceRIIs on mouse B cells also degrade at the
cell surface by proteolytic enzyme into a 38-kDa soluble fragment and
a 10-kDa fragment, the latter of which remains associated with the cell
membrane (Lee et al., 1987). The soluble fragment from mouse B cells
bound to monoclonal anti-FceRII antibody. However, in contrast to the
human FceRII fragment, soluble fragments from mouse FceRII do not
have affinity for IgE (Lee et al., 1987). Thus, in rodent systems, FceRIIs
on B cells cannot be the source of IgE-BFs. This finding is in agree-
ment with previous observations that rodent IgE-BFs are derived from
T cells, rather than B cells (Yodoi and Ishizaka, 1980).

FceRIls are expressed not only on B cells but also on macrophages
(Melewitz and Spiegelberg, 1980), platelets (Joseph et al., 1983), and
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activated eosinophils (Capron et al., 1984). However, Kikutani et al.
(1986a) could not detect FceR mRNA in human T cell lines nor in normal
T lymphocytes by Northern blot analysis. The mRNA was detected only
in the human T lymphotropic virus (HTLV)-I-transformed T cell line
(Kawabe et al., 1988). Indeed, Sarfati et al. (1987b) identified FceRII
and its fragments from HTLV-I-transformed cell line cells by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Immunofluorescence
staining of peripheral blood lymphocytes with monoclonal anti-FceRs
failed to demonstrate FceRIIs on normal T cells. However, Young et al.
(1984) established a human T cell clone bearing FceR from peripheral
blood lymphocytes of atopic dermatitis patients. Furthermore, both
rodent T cell hybridomas (Huff et al., 1984) and human T cell
hybridomas (Kisaki et al., 1987) responded to homologous IgE and to
antibodies reacting to FceRIIs for the formation of IgE-BFs. These find-
ings suggest that a subset of T cells from both humans and rodents prob-
ably bears a minimum number of cell surface receptors for IgE, which
is not sufficient for detection either by rosetting or by immuno-
fluorescence. Since a monoclonal antibody against human IgE-BFs,
which did not cross-react with FceRIIs on B cells, also stimulated the
human T cell hybridoma for the production of IgE-BFs (Kisaki et al.,
1987), it is possible that the receptors on T cells may be structurally dif-
ferent from FceRIIs on B cells.

A relationship between FceRIIs on B cells and those on activated
eosinophils and macrophages was revealed. Yokota et al. (1988) reported
two species of human FceRlIs, i.e., FceRIIa and FceRIIb. Sequence
analysis of the cloned cDNA of the two forms showed that they differ
only at the amino-terminal cytoplasmic region and that the two forms
are generated through the utilization of different transcriptional initia-
tion sites and alternative RN A splicing. FceRIla was found constitutively
in normal human B cells, while FceRIIb was found in eosinophils,
macrophages, B cells and HTLV-1-transformed T cell lines. Normal
human B cells and monocytes express FceRIIb only after stimulation
by IL-4.

The biological role of FceRII on B cells is unknown. Sarfati et al.
(1984) reported that the soluble fragments of FceRII on RPMI 8866 cells
enhanced the IgE synthesis of human lymphocytes. Péne et al. (1988b)
found that IL-4-induced IgE synthesis by normal human PBMCs was
suppressed by anti-FceRII antibody, suggesting that either FceRII or its
fragments are involved in the differentiation of B cells to IgE-forming
cells. However, soluble fragments of recombinant FceRII failed to enhance
the IgE synthesis. An interesting finding on FceRII is that this molecule
is identical to a B cell differentiation antigen, known as CD23, or Blast-2
(Bonnefoy et al., 1987; Yukawa et al., 1987), which is especially
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prominent after Epstein-Barr virus infection of B cells (Thorley-Lawson
et al., 1985). Gordon et al. (1986a) found that in the presence of phorbol
ester, a monoclonal antibody against CD23 induces the progression of
B cells through the G; phase of the cell cycle. The antibody also
enhances the release of the CD23 fragment, i.e., the 25-kDa FceRII frag-
ment, from B cells (Guy and Gordon, 1987). Since the monoclonal anti-
CD23 has proliferative effects on B cells, similar to low-molecular-weight
B cell growth factor, it was speculated that CD23 is a receptor for low-
molecular-weight B cell growth factor (Gordon et al., 1987b). It is quite
possible that FceRIIs on B cells and/or on the 25-kDa soluble fragments
of the receptor molecules are involved in B cell transformation.

E. MECHANISMS FOR THE FORMATION OF IgE-BFs

1. Lymphokines for the Induction of IgE-BF Formation

Analysis of the cellular mechanisms for the selective formation of either
IgE-PFs or IgE-SFs by rodent lymphocytes under various experimental
conditions showed that the major cell sources of IgE-BFs are Lyt-1*
T cells that bear either FceR or FcyR or both. When rats and mice were
treated with CFA or Bordetella pertussis vaccine, their macrophages
and/or monocytes were activated and released Type I interferon, which
in turn stimulated FcR* T cells to form IgE-BFs (Hirashima et al.,
1981b,c). Purified mouse IFNf induced normal lymphocytes for the for-
mation of IgE-BFs (Uede et al., 1983a). When animals were primed with
a protein antigen and their spleen cells were stimulated with the
homologous antigen, Lyt-1*, antigen-primed helper T cells released
T cell factor(s) which stimulated unprimed FcR* T cells to form IgE-
BFs (Uede and Ishizaka, 1982). Recombinant mouse IFNy, but none
of the IL-1, IL-2, IL-3, and IL-4, induced normal BALB/c splenocyte
formation of IgE-BFs (Adachi et al., 1988). Recently, Carini et al. (1988)
demonstrated that peripheral blood T cells of human immunodeficiency
virus (HIV)-l-infected patients formed IgE-BFs and that formation of the
factors by the cells was enhanced by incubation of the cells with
homologous IgE. In some HIV-1-infected patients FceRIIs were demon-
strated on both CD4™ and CD8* T cells. It was also found that PBMCs
of some HIV-1-infected patients release soluble factor(s) which induces
normal T cells to form IgE-BFs. This cytokine does not appear to be
IFN~, because neither IFN+y (25-50 U/ml) nor recombinant IL-4 (5-10
U/ml) induced the same normal T cells to form IgE-BFs. It is not known
why recombinant mouse IFN+y induces normal mouse spleen cells to form
IgE-BFs, whereas recombinant human IFN¥ failed to induce peripheral
blood human T cells to form IgE-BFs. It is quite possible that activation



REGULATION OF IgE BIOSYNTHESIS 23

of T cells is required for them to respond to IFN+y for the production
of the factors.

It was shown that IL-4 induced biosynthesis of FceRIIs in B cells and
enhanced the expression of the receptors on their surface (Conrad et al.,
1987; Defrance et al., 1987). In the rodent systems incubation of B cells
with 3-5 U/ml of IL-4 increased the density of FceRIIs on the majority
of B cells and enhanced the release of the 38-kDa fragments of the recep-
tors which lacked affinity for IgE. However, culture of normal mouse
spleen cells or B cells with IL-4 did not contain a detectable amount
of IgE-BFs, as determined by rosette inhibition (Adachi et al., 1988).
Human IL-4 also induced an increase in FceRIIs on human peripheral
blood B cells, particularly if the cells had been activated by anti-u chain
antibodies (Defrance et al., 1987), and enhanced the release of the 25-kDa
fragments of FceRII which had affinity for IgE. It was also noted that
the effect of IL-4 on B cells to enhance the expression of both Ia molecules
and FceRII was prevented by IFN« in both human and rodent systems
(Conrad et al., 1987; Defrance et al., 1987).

2. Lymphokines Controlling the Biological Activities
of IgE-PFs or IgE-SFs

When BDF; mouse spleen cells were stimulated with the T cell-
derived “inducer” of IgE-BFs, i.e., IFNy, IgE-PFs were formed. Stimula-
tion of SJL mouse spleen cells with the same inducer resulted in the for-
mation of IgE-SFs (Vede and Ishizaka, 1984). Thus, IFNs do not
determine the biological activities of IgE-BFs. Under physiological con-
ditions biological activities of the factors formed by FcR*™ T cells are
controlled by two T cell factors, i.e., glycosylation-enhancing factor (GEF)
and glycosylation-inhibiting factor (GIF), which regulate the posttrans-
lational glycosylation processes of the IgE-BF peptide (Ishizaka, 1984).
GEF is derived from a subset of Lyt-1" T cells. When animals are
treated with pertussis vaccine for the selective formation of IgE-PFs, per-
tussis toxin stimulates Lyt-1* T cells to form GEF (Hirashima et al.,
1981b; Iwata et al., 1983a). Immunization of Lewis rats or BDF; mice
with alum-absorbed antigen results in priming of not only helper T cells
but also Lyt-1*, FcR* T cells, and this latter subset releases GEF upon
antigenic stimulation (Vede and Ishizaka, 1982). Thus, when unprimed
FcR* T cells are stimulated by inducers (IFNs) in the presence of GEF,
these cells selectively form IgE-BFs having a “proper” N-linked oligo-
saccharide, which potentiate the IgE response (cf. Fig. 2). Recent experi-
ments showed that IL-4 induces normal T cells for the formation of GEF.
Thus, it appears that IL-4 not only facilitates the switching of resting
B cells to sIgE*™ B cells but also enhances the differentiation of sIgE*
B cells to IgE-forming cells through the selective formation of IgE-PFs.
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FiG. 2. Schematic models for the selective formation of IgE-PFs or IgE-SFs. FcR*
T cells form IgE-potentiating factor in the presence of GEF, but the same cells form
IgE-suppressive factor in the presence of GIF. M®, Macrophage.

On the other hand, the same FcR* T cells selectively form IgE-SFs,
when the cells are stimulated by inducers (IFNs) or IgE in the presence
of GIF (Fig. 2). When Lewis rats are primed with a protein antigen
included in CFA, not only Lyt-1* helper T cells but also Lyt-2* T cells
are primed. Thus, antigenic stimulation of spleen cells results in the
formation of IFNy from TH, cells and GIF from Lyt-2* T cells, and
these two factors in combination stimulate FcR* T cells to form IgE-SFs
(Uede and Ishizaka, 1982). Repeated injections of CFA also stimulate
Lyt-2* T cells to form GIF (Uede et al., 1983b). It was found in the
mouse that Lyt-2* I-]* antigen-specific suppressor T cells are the major
source of GIF (Jardieu et al., 1984).

GIF from lymphocytes of CFA-treated rats had a molecular weight
of 13,000-15,000 and bound to monoclonal antibody against lipocortin
(lipomodulin), a phospholipase-inhibitory protein (Uede et al., 1983b).
The lymphokine did not exert phospholipase-inhibitory activity by itself,
but inhibited phospholipase A, after treatment with alkaline phos-
phatase. Thus, it appears that GIF is a phosphorylated derivative of
phospholipase-inhibitory protein. Purified lipocortin from rabbit
neutrophils (Uede et al., 1983b) as well as recombinant human lipo-
cortin I, at the level of 0.1 ug/ml, could switch normal mouse lymphocytes
for the selective formation of IgE-SFs. It was also found that treatment
of normal mouse splenic lymphocytes with glucocorticoids induced
Lyt-2* T cells for the formation of GIF (Jardieu et al., 1986). An
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interesting observation was that GIF from mouse lymphocytes possessed
I-] determinant(s); GIF from H-2P strains bound anti-I-J* alloantibodies
and a monoclonal anti 1-J*, while GIF from H-2¥ strains bound to anti-
I-J¢ antibodies (Jardieu et al., 1986). It is rather unlikely that GIF is
a fragment of lipocortin. However, GIF shares common biochemical
properties and an antigenic determinant with lipocortin. One may
speculate that the phospholipase inhibitory activity of the lymphokine
is important in its immunological functions. This idea was supported
by recent findings that a synthetic inhibitor of phospholipase A,,
2(p-amylcennamoyl)-amino-4-chlorobenzoic acid, could switch a T cell
hybridoma from the formation of IgE-PFs to the formation of IgE-SFs,
while neomycin, a well-known phospholipase C inhibitor, did not.

It was found that GEF was inactivated by inhibitors of serine pro-
tease, bound to p-aminobenzamidine agarose, and could be recovered
by elution with benzamidine (Iwata et al., 1983b). Effects of various
inhibitors of trypsinlike enzymes on GEF suggested that GEF was a
kallikreinlike enzyme. This speculation was supported by the fact that
trypsin and kallikrein, as well as bradykinin, a cleavage product of
kininogen by kallikrein, have GEF activity and switch T cells for the
selective formation of IgE-PFs. However, GEF has lectinlike properties
and binds to acid-treated Sepharose (Iwata et al., 1983a). The effect
of GEF to switch the nature of IgE-BFs was prevented by d-galactose,
d-lactose and N-acetylgalactosamine, indicating that GEF exerts its func-
tion by binding to d-galactose on the cell surface. GEF consists of two
species, of 45-55 and 25 kDa, as estimated by gel filtration (Iwata et al.,
1988). One of the unique properties of mouse GEF is that the lympho-
kine binds to alloantibodies against MHC class II molecules. GEF from
H-2k mice bound to anti-Ia* alloantibodies, while GEF from H-2P mice
bound to anti-IaP alloantibodies (Iwata et al., 1987).

GIF and GEF compete with each other with respect to the glycosyla-
tion process of IgE-binding peptide(s). These two lymphokines do not
interact with each other, but a mixture of GEF and GIF fails to change
the nature of IgE-BFs formed by T cells (Iwata et al., 1984b). Under
physiological conditions, the balance between GEF and GIF appears to
determine the nature of the IgE-BFs formed. Table II summarizes various
systems in which the IgE antibody response is either enhanced or sup-
pressed. IgE-PFs are always detected when the IgE response is enhanced
(Iwata et al., 1984a). It should be noted that GEF is always detected
in culture supernatants of splenic lymphocytes when IgE-PFs are being
produced. On the other hand, formation of IgE-SFs is always accom-
panied by the formation of GIF (Ishizaka, 1984). This principle applies
even to genetic differences between a high IgE producer and a poor IgE
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TABLE II
CORRELATION AMONG THE IgE RESPONSE, NATURE
OF IgE-BFs, AND MODULATORS OF GLYCOSYLATION

Experimental Modulators of
procedures IgE response IgE-BFs glycosylation
Nb infection (2 weeks) Enhancement Potentiating GEF
Bordetella pertussis Enhancement Potentiating GEF
vaccine (BP) treatment
KLH + alum priming® IgE antibody response Potentiating GEF
BDF; mice priming® IgE antibody response Potentiating GEF
T cell hybridoma 12H5 IgE antibody response Potentiating GEF
CFA treatment Suppression Suppressive GIF
KLH + CFA priming? No IgE antibody Suppressive GIF
response
SJL mice priming® No IgE antibody Suppressive GIF
response
T cell hybridomas 23B6, — Suppressive GIF
231 F;

2 Lewis strain rats were immunized with KLH.
bBDF; or SJL mice were immunized with alum-absorbed OVA.

producer. The Lyt-1* T cells of BDF; mice constitutively form GEF,
while those of SJL mice form GIF. Therefore, upon antigenic stimula-
tion, spleen cells of antigen-primed BDF; mice form IgE-PFs, whereas
those of SJL mice form IgE-SFs (Vede and Ishizaka, 1984). One may
speculate that the balance between GEF and GIF determines the nature
and the biological activities of IgE-BFs formed, and these factors in turn
regulate the IgE response.

It is not known why GEF and GIF compete with each other in terms
of the glycosylation of IgE-BFs. Biochemical analysis of the effect of GEF
on a T cell hybridoma, 23A4 cells, revealed that GEF activated
membrane-associated enzymes such as methyltransferases and phos-
pholipase C and induced Ca?* influx and the formation of diacylglycerol,
which in turn activated Ca?*-activated, phospholipid-dependent
protein kinase (protein kinase C) (Akasaki et al., 1985). GEF also induced
the release of arachidonate from the cells (Iwata et al., 1984b). It appears
that GEF induces the activation of phospholipase A; and phospholipase
C in the T cells. Since GIF is a derivative of phospholipase-inhibitory
protein, antagonistic effects between GEF and GIF with respect to the
glycosylation of IgE-BFs may be related to activation versus inactiva-
tion of phospholipase A; in the cells by the two lymphokines.
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3. Formation of IgE-BFs by Antigen-Specific T Cells

Induction of IgE-PF or IgE-SF formation by lymphokines, described
above (cf. Fig. 2), does not exclude the possibility that some of the
antigen-specific T cells may form IgE-BFs. Indeed, we have obtained
an antigen-specific mouse T cell clone and antigen-specific T cell
hybridomas which produce IgE-BFs upon incubation with OVA-pulsed
syngeneic macrophages. It was found that some of the antigen-specific
T cell hybridomas such as 231F;, constitutively formed GIF, and pro-
duced both IgE-SFs and IgG-suppressive factors upon incubation with
OVA-pulsed macrophages (Jardieu et al., 1985a). We have also obtained
the mouse T cell hybridoma 12H5, which produced IgE-PFs and IgG-
potentiating factors upon antigenic stimulation (Iwata et al., 1988). As
expected, this type of hybridoma constitutively secretes GEF.

The response of this T cell hybridoma to the antigen is MHC restricted.
T cell hybridoma 231F,; cells respond to OVA-pulsed macrophages of
BDF;, or BALB/c mice for the production of IgE-SFs, but not to
OVA-pulsed macrophages of H-2k or H-2b strains nor to free OVA.
Hybridoma 12H5 cells respond to OVA-pulsed macrophages of BDF,
or H-2P strain for the production of IgE-PFs, but not to OVA-pulsed
macrophages of H-29 or H-2k strains (Iwata et al., 1988). It was also
found that pretreatment of antigen-presenting cells with monoclonal
anti-IA4 antibody prevented antigen presentation to 231F; cells for IgE-
BF production. Similarly, treatment of antigen-presenting cells with anti-
IAP, but not with anti-IA¥, alloantibodies prevented antigen presenta-
tion to the 12H5 cells for the formation of IgE-BFs (Iwata et al., 1988).
Furthermore, the antigen recognized by these hybridomas does not
appear to be the native molecules. BDF; macrophages that were pulsed
with urea-denatured OVA or tryptic digests of the protein stimulated
231F; cells and 12H5 cells for the formation of IgE-BFs. Recent experi-
ments in collaboration with A. Kubo of the National Jewish Hospital
have shown that treatment of the 12H5 cells or 231F; cells with
monoclonal anti-T cell receptor (o, 3) antibody or anti-CD3 antibody,
followed by incubation of the cells in protein A-coated wells, resulted
in the formation of IgE-BFs. The results collectively indicate that these
antigen-specific T cell hybridomas bear T cell receptors, which are prob-
ably composed of a and 8 chains and CD3 complex, and recognize a
“processed” antigen in the context of Ia molecules on the antigen-
presenting cells. Since the same hybridomas respond to mouse IgE for
the formation of IgE-BFs, these T cells should bear a minimum number
of FceR (and FcyR) as well.
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When a suspension of antigen-primed spleen cells was incubated
#n vitro with homologous antigen, unprimed FcR* T cells stimulated
by lymphokines (Fig. 2) may be the major source of IgE-PFs or IgE-SFs.
However, antigen-specific T cells may well be the major source of IgE-BFs
in vivo. It is conceivable that cognate interaction between the antigen-
specific regulatory T cells with antigen-presenting cells in lymphoid tissues
results in the formation of IgE-BFs, and the factors in turn play an impor-
tant role in the regulation of the IgE antibody formation in the tissues.

IV. Immunological Approaches for Suppression of the IgE Antibody
Response

Immunotherapy of hay fever has been one of the most popular treat-
ments of the disease. Although the clinical effects of the treatment are
appreciated, it is obvious that they are not due to the suppression of
the IgE antibody formation. Nevertheless, long-term treatment of
ragweed-sensitive hay fever patients by specific allergens frequently
prevented the secondary IgE antibody response after the pollen season
(Ishizaka and Ishizaka, 1973). These classical findings suggest the
possibility that IgE antibody formation against specific antigens in hay
fever patients may be manipulated by immunological procedures.

A. REecULATION OF THE IgE ANTIBODY RESPONSE BY ANTIGENS

Regulation of the IgE antibody response by means of antigen-specific
mechanisms has been attempted either through (1) tolerization of B cells
or (2) manipulation of the population of T cells that regulate the dif-
ferentiation of B cells to IgE-forming cells. Katz et al. (1973) induced
B cell tolerance by injecting hapten coupled with a nonimmunogenic
carrier, d-glutamic acid d-lysine copolymer (dGL). Injections of
DNP-dGL before immunization with DNP-OVA completely suppressed
the primary and secondary antihapten IgE antibody responses, and an
injection of the dGL conjugates into immunized animals terminated the
ongoing antihapten antibody formation. The effect of the treatment
was persistent and specific for the haptenic group. Suppression is due
to inactivation of hapten-specific B cells and applies to all immuno-
globulin isotypes, including IgE. Subsequently, Lee and Sehon (1981)
employed DNP conjugates of polyvinyl alcohol (PVA) to terminate the
anti-DNP IgE antibody response. Like DNP-dGL, DNP-polyvinyl alcohol
conjugate inactivates hapten-specific B cells. However, this approach
cannot be applied for clinical purposes, because the antigen-conjugate
will cause anaphylactic reactions in patients before tolerizing B cells.

Another approach to regulating the antihapten IgE antibody response
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is to induce antiidiotypic antibodies. If the antihapten antibodies are
restricted to certain idiotypes, idiotype-specific regulation may be applied.
Blaser et al. (1980) reported that antiidiotypic antibody suppressed
primary IgE antibody response and ongoing antibody formation against
the benzyl penicilloyl group. They also demonstrated in BALB/c mice
that the production of antiidiotypic antibodies against syngeneic
anti-OVA antibodies resulted in depression of both antihapten and
anticarrier IgE antibody formation against DNP-OVA (Blaser et al.,
1981).

The third approach is to regulate the IgE antibody response by induc-
ing antigen-specific suppressor T cells. It has been shown that intravenous
injections of a soluble antigen without adjuvant into naive mice facilitate
the generation of antigen-specific suppressor T cells. Since allergic
patients are already sensitive to allergen, an injection of native allergen
will cause allergic symptoms. To avoid such a side effect, chemically
modified antigens that lost the major antigenic determinant in the native
antigen were employed to modulate the antibody response. Indeed,
neither urea-denatured OVA (UD-OVA) nor urea-denatured ragweed
antigen E reacts with the antibodies against the native antigens, but
could prime helper T cells for the antigen (Ishizaka et al., 1975; Takatsu
and Ishizaka, 1975). It was also found that intravenous injections of OVA
or UD-OVA into OVA-primed BDF; mice induced the generation of
antigen-specific suppressor T cells, and this treatment suppressed the
primary antibody responses of mice to alum-absorbed OVA or DNP-OVA.
Suppressor T cells generated by UD-OVA treatment were specific for
OVA. Transfer of the splenic T cells of the UD-OVA-treated mice into
naive syngeneic mice suppressed the antihapten antibody response of
the recipient to DNP-OVA, but the same splenic T cells failed to sup-
press the antibody response of the recipients to DNP-KLH (Takatsu and
Ishizaka, 1976a). Suppressor T cells induced by the UD antigen can sup-
press the IgE antibody response better than IgG antibody response.
Nevertheless, regulation of antibody response by their cells is not restricted
to the IgE isotype.

Evidence was obtained that antigen-specific suppressor T cells, which
were obtained by the treatment of OVA-primed mice with UD-OVA, could
suppress even the ongoing IgE antibody formation (Takatsu and Ishizaka,
1976b). When such a suppressor T cell population was transferred into
OVA plus alum-immunized, syngeneic mice, after the IgE antibody titer
of the recipients reached maximum, the IgE antibody titer declined.
The results suggested that the generation of antigen-specific suppressor
T cells might be an effective method to suppress the IgE antibody for-
mation against a specific allergen.
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Generation of antigen-specific suppressor T cells by repeated injec-
tions of UD-OVA suggested that the treatment might be effective for
suppressing the ongoing IgE antibody formation. Indeed, the IgE
antibody titer in the serum of OVA- or DNP-OVA-primed mice declined
to one quarter to one eighth after three intravenous injections of 100 ug
of UD-OVA. However, the antibody titer became stable after the treat-
ment, and repeated treatment did not show a significant effect (Takatsu
and Ishizaka, 1976b). A question arises as to why UD-OVA treatment
suppressed the primary antibody response almost completely but has
only marginal suppressive effects on the ongoing antibody formation.
Since UD-OVA-pulsed macrophages stimulate helper T cells (Takatsu
and Ishizaka, 1975), one may speculate that the effect of the UD-OVA
treatment may differ, depending on the size of helper T cell popula-
tions in the primed mice. When the animals are immunized for the per-
sistent IgE antibody response, their lymphoid tissues contain a relatively
large population of antigen-specific helper T cells. In this situation,
UD-OVA will not only induce antigen-specific suppressor T cells but
will also expand the population of antigen-primed helper T cells. Under
certain conditions, UD-OVA treatment may rather enhance the antibody
response. When BDF; mice were primed with a suboptimal dose (10 ng)
of alum-absorbed OVA, the IgE antibody was not detected in their serum.
However, the IgE antibodies against OVA became detectable after
repeated injections of UD-OVA into the OVA-primed animals. These
findings suggested that UD-OVA cannot be applied for the treatment
of allergic patients.

Chemically modified antigens were developed through other
approaches. Lee and Sehon (1978) prepared conjugates of OVA with poly-
ethylene glycol (PEG) and tried to use the conjugates for the suppres-
sion of the IgE antibody response. Immunological properties of OVA-PEG
conjugates appear to be similar to those of UD-OVA. Both modified
antigens lack the major antigenic determinants in the native antigen
molecules. Injections of OVA-PEG conjugates to naive animals induced
the generation of antigen-specific suppressor T cells and suppressed the
primary antibody response to native OVA or DNP-OVA (Lee et al., 1981).
However, OVA-PEG has marginal effects on the ongoing IgE antibody
formation (Sehon, 1982). Series of experiments with modified antigens
indicate that the generation of antigen-specific suppressor T cells would
be an effective maneuver to suppress the IgE antibody formation against
allergens. However, a modified antigen may not be appropriate for the
treatment, unless one can prepare a tolerogen that selectively generates
suppressor T cells without stimulating helper T cells.
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B. SELECTIVE SUPPRESSION OF IgE SYNTHESIS
BY ANTI-IL-4 AND IFNvy

In view of an essential role of IL-4 for the development of IgE-forming
cells and IgG;-forming cells, Finkelman et al. (1986a) determined the
effect of a monoclonal anti-IL-4 on the IgE and IgG; production
in vivo. They used Nb infection and an injection of goat anti-mouse
IgD antibodies to induce an enhanced IgE synthesis, and injected
monoclonal anti-IL-4 antibody prior to the infection or injection of anti-
IgD. The results clearly showed that an intraperitoneal injection of ascitic
fluid, which contained approximately 20 mg of anti-IL-4, markedly sup-
pressed the IgE production in both systems, but failed to affect the IgG,
production. Subsequently, the same investigators determined possible
effects of anti-IL-4 on the IgE antibody response to a protein antigen.
They primed BALB/c mice with alum-absorbed DNP-KLH for the IgE
antibody response and injected 20 mg of a highly purified anti-IL-4 into
antigen-primed mice at the same time as a booster immunization with
homologous antigen. The antibody completely blocked the secondary
IgE antibody response, but neither IgG, nor IgG;, antibody response
was affected by the treatment (Finkelman et al., 1988b). They have also
shown that injections of anti-IL-4 antibody suppressed the ongoing IgE
antibody formation. These results supported the concept that IL-4 is
required for the IgE response. However, surprising results in the
experiments were that an injection of 1-2 mg of anti-IL-4 into mice failed
to affect the IgE synthesis and that even 20 mg of the antibody failed
to affect IgG, synthesis (Finkelman et al., 1986a).

Finkelman et al. (1988a) also tried to suppress the n vivo IgE syn-
thesis by IFN+v, which counteracts with IL-4. Enhanced IgE and IgG,;
formation was induced by injecting goat anti-mouse IgD antibodies.
The anti-IgD-treated mice received intraperitoneal injections of
12,500-50,000 U of IFN+ twice daily for 3 days (days 2-4) and serum
Ig levels were determined on days 8 and 9. Their results showed that
the treatment with 25,000 U of IFN«y per injection reduced both IgE
and IgG, levels to one fifth to one tenth, and the treatment with
12,500 U of IFNy per injection diminished both IgE and IgG; levels
to about one half. The decrease in IgE and IgG; synthesis by IFN+y was
accompanied by a slight increase in IgG,, synthesis. However, 6250 U
of IFN+ per injection did not give a significant effect on IgE and IgG,
syntheses. The results indicate that IFN+y can regulate IgE and IgG,
synthesis zn vivo. However, the quantities of IFNy to regulate the IgE
synthesis were too much for clinical purposes. Preliminary experiments
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also suggested that the ongoing IgE antibody formation against protein
antigens was difficult to suppress by treatment with IFN7y.

C. SurpressiON OF IgE ANTIBODY RESPONSE BY GIF

Isotype-specific enhancement and suppression of #n vitro IgE synthesis
by IgE-PFs and IgE-SFs, respectively, suggest that these lymphokines are
actually involved in the selective regulation of IgE synthesis. It is quite
reasonable to speculate that IgE-SFs may suppress the IgE synthesis
in vivo. However, effects of IgE-SFs in the in vivo IgE antibody response
have never been studied, because of anticipation that IgE-BFs
administered intravenously may be bound by IgE before reaching lym-
phoid tissue.

Analysis of the mechanisms for the selective formation of IgE-PFs or
IgE-SFs indicated that the balance between GEF and GIF in the environ-
ment of FcR* T cells determines the nature and the biological activities
of IgE-BFs formed by the T cells, and the latter factors in turn regulate
IgE synthesis (Ishizaka, 1984) (cf. Fig. 2). If this is the case, one can
speculate that the treatment of OVA plus alum-immunized BDF; mice
with GIF may switch FcR* T cells from the formation of IgE-PFs to
the formation of IgE-SFs, and thereby may suppress the IgE antibody
response. To test this possibility, BDF; mice were immunized with alum-
absorbed DNP-OVA for the persistent IgE antibody response, and a group
of the mice was treated by repeated intravenous injections of GIF from
a hybridoma (Akasaki et al., 1986). The preparation of GIF was obtained
by affinity purification of the factor with antilipocortin-Sepharose, and
affinity-purified GIF was injected every 2 days either intravenously or
intraperitoneally into the DNP-OVA-primed mice for 3 weeks. The GIF
treatment completely suppressed not only the IgE antibody response but
also the IgG antibody response. The same treatment suppressed the
ongoing IgE antibody formation as well. If one immunizes BDF, mice
with alum-absorbed DNP-OVA for persistent IgE antibody formation
and then begins to treat the animals after the IgE antibody titer reaches
maximum, IgE antibody titer markedly declines and the IgG antibody
titer significantly diminishes (Akasaki et al., 1986).

To analyze the cellular mechanisms of immunosuppression, two groups
of BDF; mice were immunized with alum-absorbed OVA, and one
group was treated by intravenous injections of GIF every 2 days. Two
weeks after the priming, when the IgE antibody titers of untreated mice
reached maximum, their spleen cells were incubated with OVA. Spleen
cells of untreated mice produced IgE-PFs and GEF, while those of GIF-
treated mice formed IgE-SFs and GIF upon antigenic stimulation. Thus,
GIF treatment of OVA-primed mice switched their spleen cells from the
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formation of IgE-PFs to the formation of IgE-SFs. GIF in culture super-
natants of spleen cells does not represent a carryover of the injected
lymphokine. GIF employed for the treatment failed to bind to OVA-
Sepharose, while the majority of GIF in the culture supernatant of BDF,
spleen cells bound to OVA-Sepharose and was recovered by elution at
acid pH. Furthermore, GIF in the supernatant bound to anti-I-J® allo-
antibodies, whereas GIF injected into the animals bound to anti-I-J¥
antibodies. Thus, it appears that splenic lymphocytes of GIF-treated mice
formed their own GIF. The cell source of OVA-binding GIF was Lyt-2+
T cells, suggesting that GIF treatment of OVA-primed mice facilitated
the generation of antigen-specific Lyt-2* suppressor T cells, which form
OVA-binding GIF upon antigenic stimulation (Akasaki et al., 1986).
Indeed, antigen-specific suppressor T cells were detected in the spleen
cells of OVA-primed, GIF-treated mice. Transfer of their splenic T cells
suppressed the antihapten antibody response of syngeneic recipients to
DNP-OVA but did not affect the antibody response of another group
of recipients to DNP-KLH. The results suggested that the GIF treat-
ment of OVA-primed mice facilitated the generation of antigen-specific
suppressor T cells and that these cells were responsible for immunosup-
pression (Akasaki et al., 1986).

Since the antigen-binding GIF is derived from I-J*, Lyt-2* T cells
(Jardieu et al., 1984), it was anticipated that this lymphokine may have
an immunosuppressive effect. Thus, OVA-specific supppressor T cells
were induced by repeated intravenous injections of OVA into BDF; mice,
and antigen-specific T cell clones were established from their spleen cells.
The T cell clone was then fused with BW5147 cells. Some of the
hybridomas constitutively secreted GIF that lacked affinity for OVA.
Upon incubation with OVA-pulsed syngeneic macrophages, the same
hybridomas formed not only GIF with affinity for OVA but also IgE-SFs
(Jardieu et al., 1987). Recognition of antigen by the hybridomas was
MHC restricted. A representative hybridoma, 231F;, produced OVA-
binding GIF and IgE-SFs when the cells were incubated with OVA-pulsed
macrophages of H-29 mice or A20.3 cells of BALB/c origin. However,
the same hybridoma cells constitutively secreted nonspecific GIF and
failed to form IgE-BFs when they were incubated with OVA-pulsed
macrophages of H-2b or H-2k mice. It was also found that the forma-
tion of IgE-BFs by antigenic stimulation of the 231F,; cells was inhibited
by pretreatment of the antigen-presenting cells with monoclonal anti-
I-Ad antibody but not with anti-I-E antibody. Recent experiments
showed that incubation of the same cells with syngeneic antigen-
presenting cells together with UD-OVA or tryptic digests of UD-OVA
resulted in the formation of IgE-BFs and OVA-binding GIF. Treatment
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of the 231F; cells with either monoclonal antibody against T cell recep-
tor o, B3, or anti-CD3 (145-2C11) antibody, followed by culture of the
antibody-treated cells in protein A-coated wells, also induced the for-
mation of both IgE-BFs and OVA-binding GIF. It appears that the
hybridoma expresses T cell receptors that recognize a fragment of OVA
associated with Ia molecules.

The OVA-binding GIF from the 231F; cells bound to OVA-Sepharose
and antilipocortin-Sepharose and were recovered from the column by
elution at acid pH, but the factor did not bind to either KLH-Sepharose
or BSA-Sepharose. The OVA-binding GIF consisted of the 80- and 40-kDa
molecules as estimated by gel filtration, while nonspecific GIF from the
same cells were 50 and 13-15 kDa (Jardieu et al., 1987). Reduction and
alkylation treament of the 40-kDa OVA-binding GIF resulted in the for-
mation of the 15-kDa, nonspecific GIF, suggesting that the OVA-binding
GIF consists of an antigen-binding polypeptide chain and a nonspecific
GIF (Jardieu and Ishizaka, 1987). It was also found that OVA-binding
GIF suppressed the antibody response of BDF; mice in a carrier (OVA)-
specific manner (Jardieu et al., 1987). In the experiments shown in Fig. 3,
OVA-binding GIF from the 231F, cells were purified by affinity chroma-
tography on OVA-coupled Sepharose or antilipocortin-Sepharose.
Nonspecific GIF from unstimulated 231F; cells was purified by using
antilipocortin-Sepharose. The GIF activities of the three preparations
were comparable in terms of the ability to switch BALB/c spleen cells
for the formation of IgE-SFs. Groups of BDF; mice were immunized
with either alum-absorbed DNP-OVA or DNP-KLH, and each group
received three intravenous injections of a GIF preparation. The results
shown in Fig. 3 indicate that OVA-binding GIF was much more effec-
tive than was nonspecific GIF for suppressing the antihapten IgE antibody
response to DNP-OVA. It was also noted that OVA-binding GIF recovered
from antilipocortin-Sepharose was as effective as the eluates from OVA-
Sepharose with respect to their ability to suppress the antibody response.
In this schedule of treatment, OVA-binding GIF and nonspecific GIF
exerted only marginal and comparable suppressive effects on the antibody
response to DNP-KLH. Carrier-specific suppression of OVA-binding GIF
was also observed in the IgG; antihapten antibody response. The results
imply that the antigen-binding GIF is a TsF.

Another common property shared by the antigen-binding GIF and
antigen-specific T3F is association of I-J determinants with the molecules.
Both the antigen-binding and nonspecific GIFs bound to alloantibodies
specific for I-] determinant(s). It appears that antigen-binding GIF is
composed of an antigen-binding chain and an I-J* chain, the latter of
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FIG. 3. Suppression of antihapten IgE antibody response to alum-absorbed DNP-
OVA (top) or alum-absorbed DNP-KLH (bottom) by OVA binding (@--@, A--A) or
nonspecific GIF (A--A). OVA-binding GIF was purified by using either OVA-Sepharose
(@--@) or antilipocortin Sepharose (A--A), injected intravenously into animals, as
shown by the arrows. O—O, Saline.

which also reacts with monoclonal antilipocortin (Jardieu and Ishizaka,
1987). Recent experiments also showed that the antigen-specific GIF,
but not the nonspecific GIF, from the 231F,; cells bound to monoclonal
antibody 14-12 (Ferguson et al., 1985), which reacts with effector sup-
pressor factor. On the other hand, collaboration with the group of
M. Dorf at Harvard University indicated that the monoclonal antilipo-
cortin (141B9) bound not only GIF but also 4 hydroxy-3-nitrophenyl acetyl
hapten-specific TsF, (Okuda et al., 1981) and TsF3 (Furusawa et al.,
1984) from CKB strain-derived Ts hybridomas (Steele et al., 1989). It
appears that OVA-binding GIF from the 231F; cells is similar to
glutamic acid-alanine-tyrosine-specific TsF; (Turck et al., 1986), KLH-
specific T’F (Saito and Taniguchi, 1984) and NP-specific TsFs (Furusawa
et al., 1984) in terms of their immunosuppressive effects and antigenic
structures. The findings collectively suggest that GIF treatment facilitates
the generation of antigen-specific supressor T cells, which produces
antigen-specific TsF upon antigenic stimulation.
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D. CONSTRUCTION OF ANTIGEN-SPECIFIC SUPPRESSOR T CELL
HyYBRIDOMAS FROM ANTIGEN-PRIMED T CELL POPULATIONS

Since the ¢n vivo treatment of OVA-primed mice with nonspecific GIF
facilitated the generation of suppressor T cells which produce their own
GIF, attempts were made to reproduce the effects of GIF in vitro. The
protocol of the experiments is shown in Fig. 4. BDF; mice were
immunized with alum-absorbed OVA for the IgE antibody response, and
their spleen cells were obtained 2 weeks after the immunization, when
the IgE antibody titer had reached maximum. The spleen cells were
cultured with OVA to activate antigen-primed T cells, and the activated
T cells were propagated by IL-2 in the presence or absence of GIF for
4 days. Since antigen-specific T cells should have selectively proliferated
during the culture, the cells recovered from the cultures were stimulated
with OVA-pulsed syngeneic macrophages. Upon antigenic stimulation,
the original spleen cells, as well as T cells, propagated in the absence
of GIF produced IgE-PFs and GEF. In contrast, the same T cells propa-
gated in the presence of GIF produced IgE-SFs and GIF (Fig. 4). The
GIF detected in the culture supernatant bound to OVA-coupled Sepharose
and was recovered by elution at acid pH. Since GIF added to T cells
together with IL-2 during their propagation did not have affinity for OVA,
GIF in culture supernatant of antigen-stimulated T cells does not appear
to be a carryover of the GIF added in previous cultures. The results
indicated that the addition of nonspecific GIF during the propagation
of antigen-specific T cells facilitated the generation of antigen-specific
T cells that produce their own GIF (Iwata and Ishizaka, 1988).

In order to determine whether the antigen-binding GIF from the T
cells has immunosuppressive effects, OVA-primed T cells were propagated
by IL-2 in the presence of nonspecific GIF and such T cells were fused
with BW5147 cells to construct hybridomas. GIF-producing hybridomas

Priming with 2 weeks 3 days
alum-absorbed OVA ——— (spleen cells + OVA) =SS [ IgE-PF,
culture GEF

24 hours | IgE-PF,

T ] —_—
L2 cells + OVA-Mo GEF
Activated T cells 4 days
+ = _
L2 GIF— T ocells + OVA-M¢ -24hours | IgE-PF,

GIF

Fic. 4. Protocol of experiments for the generation of suppressor T cells in vitro by
GIF. M¢, Macrophage.
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were selected and stimulated with OVA-pulsed syngeneic macrophages.
One representative hybridoma, which produces OVA-binding GIF upon
antigenic stimulation, was cultured with OVA-pulsed antigen-presenting
cells, and OVA-binding GIF in culture supernatants were purified using
OVA-Sepharose. In the experiments shown in Fig. 5, groups of BDF,
mice were immunized with either alum-absorbed DNP-OVA or
DNP-KLH, and they were treated with four intravenous injections of
OVA-binding GIF from the hybridoma. It is evident that OVA-binding
GIF suppressed the antihapten IgE antibody response to DNP-OVA
without affecting the antibody response to DNP-KLH (Iwata and
Ishizaka, 1988).

This series of experiments provides a maneuver for obtaining antigen-
specific suppressor factor from antigen-primed T cell populations. One
may anticipate that the protocol described above for mouse spleen cells
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FIiG. 5. Suppression of antihapten IgE antibody response to DNP-OVA (top) or
DNP-KLH (bottom) by OVA-binding GIF (A--A) from a hybridoma which was con-
structed by the protocol shown in Fig. 4. OVA-binding GIF was given intravenously into
the immunized animals. O—CO, Saline.
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might be applied to generate antigen-specific suppressor T cells from
the lymphocytes of allergic patients. As an experimental model we chose
patients allergic to honey bee venom. Since the major allergen in honey
bee venom is phospholipase Ay (King et al., 1976), PBMCs from allergic
patients were cultured with bee venom phospholipase A; which had
been denatured by treatment with guanidine hydrochloride in the pres-
ence of reducing reagent. This treatment completely inactivated
enzymatic activity of the allergen (King et al., 1976), but the denatured
antigen should maintain the sequence of a peptide that would stimulate
antigen-specific T cells. Since human GIF was not available, T cells
activated by the denatured antigen were propagated by IL-2, in the pres-
ence or absence of recombinant human lipocortin (Wallner et al., 1986)
(cf. Fig. 4). T cells propagated under these conditions were recovered
and incubated with autologous monocytes in the presence of the
denatured bee venom phospholipase A;. As expected, T cells propa-
gated by IL-2 alone produced IgE-PFs and GEF, while those propa-
gated in the presence of lipocortin produced IgE-SFs and GIF. It
became apparent also that the latter T cells constitutively released
nonspecific GIF lacking affinity for bee venom phospholipase Ay, but
stimulation of the same cells with phospholipase A;-pulsed syngeneic
monocytes resulted in the formation of GIF that had affinity for bee
venom phospholipase Ag. As the stimulation of the T cells by antigen
should go through T cell receptors, we anticipated that stimulation of
the same T cells with anti-CD3 (OKT3) may induce the formation of
antigen-binding GIF. Indeed, the T cells cultured in OKT3-coated wells
formed IgE-BFs and GIF that had affinity for bee venom phospholipase
A;. Thus, we succeeded in generating antigen-specific T cells that can
form antigen-binding GIF.

Attempts were made to construct human T cell hybridomas that
produce GIF. PBMCs of a bee venom-sensitive patient were stimulated
with denatured bee venom phospholipase Ay, and the cells were propa-
gated by IL-2 in the presence of human lipocortin. The cells were then
tused with a hypoxanthine guanine phosphoribosyl transferase-deficient
mutant of T cell line CEM (BUC cells). One of the hybridomas that
constitutively secrete GIF was expanded and cultured on OKT3-coated
wells. GIF produced by the hybridoma had affinity for phospholipase
Ay-Sepharose. As we do not have an appropriate system for
demonstrating the antibody response of human peripheral blood lym-
phocytes to bee venom phospholipase Ay, we cannot evaluate immuno-
suppressive activity of antigen-specific GIF. However, considering the
fact that antigen-binding GIF from mouse T cells suppresses the in vivo
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antibody response of syngeneic mice in a carrier-specific manner, we suspect
that allergen-binding GIF from human T cell hybridomas may suppress
the antibody response of the donor of parent T cells to specific antigen.

Many problems with antigen-binding GIF remain to be solved. It is
not known how this lymphokine or antigen-specific T’F suppresses the
antibody response. Although the target of effector TsF is believed to be
antigen-primed helper T cells (Lopez et al., 1986), the mechanism for
the suppression has to be explored. If antigen-binding GIF is identical
to one of the antigen-specific TsFs, what is the role of phospholipase-
inhibitory activity of GIF in the immunosuppression? Recent studies on
antigen-specific suppressor T cells indicated that suppressor T cells possess
T cell receptors (Kuchroo et al., 1988; Weiner et al., 1988). The results
are in agreement with our findings that GIF-producing T cell hybridomas
bear the CD3 complex. If the GIF (TsF)-producing suppressor T cells
actually bear T cell receptors, a possible relationship between the factors
and T cell receptors has to be elucidated. Zheng et al. (1988) indicated
that TSF from a cloned T cell hybridoma, which is specific for a syn-
thetic polypeptide, has the same fine specificity as that of T cell recep-
tors on the cells. This principle probably applies to protein antigen
systems. Our recent experiments in collaboration with H. Grey (Cytel
Corporation, La Jolla, California) demonstrated that the 23IF; cells
responded to a truncated peptide, corresponding to amino acids 307-317
in the OVA molecule, in the context of an MHC product on antigen-
presenting cells. Furthermore, the binding of OVA-binding GIF from
the cells to OVA-coupled Sepharose was inhibited by the same peptide,
suggesting that T cell receptors and antigen-binding T cell factors may
share common specificity. It is well established that T cell receptors
recognize “processed antigen” associated with the MHC product, but
the T cells do not respond to nominal antigen. If antigen-binding GIF
and T cell receptors share a common structural gene, how do the factors
bind to the nominal antigen? All of these questions should be resolved.
Nevertheless, construction of antigen-specific suppressor T cell
hybridomas from the peripheral blood lymphocytes of atopic patients
and preparation of antigen-binding T5F from such hybridomas may pro-
vide a new approach to suppressing the IgE antibody response to allergens.
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I. Introduction

Dendritic cells represent a family of bone marrow-derived cells which
are found in small numbers in most lymphoid and nonlymphoid tissues
(Table I). The Langerhans cells of the skin, the veiled cells of the afferent
lymph, the interdigitating cells of the thymic medulla and T cells areas
of peripheral lymphoid organs, and the lymphoid dendritic cells isolated
from lymphoid tissues are all members of this distinct lineage of
leukocytes. As is detailed in this review, the dendritic cell family begins
with a bone marrow precursor that likely seeds most nonlymphoid tissues.
Following deposition of antigen, nonlymphoid dendritic cells may be
mobilized to present antigen locally or to migrate with that antigen via
the blood and lymph to the T cell areas of lymphoid organs. Except
for the bone marrow precursor, dendritic cells in all tissues from which
they have been isolated are potent antigen-presenting cells (APCs) for
a variety of T cell-dependent immune responses.

In an analogous sense B lymphocytes also encompass a diverse array
of developmental stages, each with distinct functional properties. Even
within one antigen-specific B cell clone virgin B cells, B cell blasts,
“memory” B cells, and plasma cells each have distinct properties,
including the capacity to function as APCs.

Thus, the immune system contains two diverse groups of cells, both
of which can present antigens to T cells. There have been recent reviews
on the APC function of dendritic cells (Austyn, 1987; Austyn and Stein-
man, 1988; Steinman and Inaba, 1989) and B cells (Chesnut and Grey,
1986). Both function as APCs in the sense that under appropriate
experimental conditions, these cells can form a major histocompatibility
complex (MHC)-antigen complex that can be recognized by the antigen
receptor on T cells (TCR) and stimulate those T cells to respond. While
we review data on the capacity of dendritic cells and B cells to present
antigens, our emphasis is on the different physiological features of these
APCs, including their relative contributions n vivo.
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TABLE I
Tissues FROM WHICH DENDRITIC CELLS HAVE BEEN ISOLATED

Site Reference

Peripheral lymphoid organs

Mouse spleen Steinman and Cohn (1973), Steinman et al. (1979),
Nussenzweig et al. (1981)
Rat lymph node Klinkert et al. (1978, 1982)
Mouse Peyer’s patch Spalding et al. (1983)
Human tonsil Hart and McKenzie (1988)
Central lymphoid organs
Murine thymus Kyewski et al. (1986), Inaba et al. (1988), Crowley
et al. (1989)
Chicken thymus Oliver and LeDourain (1984)
Human thymus Pelletier et al. (1986)
Nonlymphoid organs
Rat skin, liver Klinkert et al. (1982)
Mouse skin Schuler and Steinman (1985), Witmer-Pack et al.
(1987)
Mouse lung Sertl et al. (1986)
Rat lung Holt et al. (1987)
Human skin Romani et al. (1989b)
Afferent lymph
Rat Mayrhofer et al. (1986), Fossum (1984), Pugh et al.
(1983), Mason et al. (1981)
Mouse Rhodes and Agger (1987)
Rabbit Kelly et al. (1978), Knight et al. (1982)
Pig Drexhage et al. (1979)
Sheep Bujdoso et al. (1989)
Human Spry et al. (1980)
Blood, human Van Voorhis et al. (1982), Kuntz-Crow and Kunkel

(1982), Santiago-Schwartz et al. (1985), Gauder-
nack and Bjercke (1985), Knight et al. (1986),
Young and Steinman (1988), Vakkila et al. (1987)

Exudates
Rat peritoneal cavity Klinkert et al. (1982)
Human synovial fluid Zvaifler et al. (1985)

We develop in this chapter three areas where there have been recent
advances. The first is that dendritic cells and B lymphocytes differ con-
siderably in terms of their tissue distribution ¢n situ and their surface
properties. The relevance of these differences to APC function will be
considered. The second is that each cell has distinct effects when tested
for APC function #n vitro and #n situ. Presentation of soluble proteins,
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MHC and MlIs antigens, viral antigens, and T cell-dependent antigens
for antibody formation is each dealt with separately. The evidence that
both B cells and dendritic cells regulate their APC function depending
on their tissue localization and exposure to antigen and cytokines will
be stressed. The third area relates to the mechanism of APC function,
which includes how each APC processes antigen, acquires antigen n vivo,
and forms stable contacts with responsive T cells.

Il. Tissue Distribution of Dendritic Cells and B Lymphocytes

The histories of dendritic cells and B lymphocytes—their origin,
movements, and turnover in situ —are distinct (Table II). In consider-
ing B cells, we refer only to the major population of conventional B cells
that are surface immunoglobulin positive (Ig*) and CD5~, not smaller
subpopulations such as the CD5%* B cells in peritoneal exudates
(Herzenberg et al., 1986) and thymus (Miyama-Inaba et al., 1988) or
the IgDpoor B cell in the splenic marginal zone (MacLennan et al.,
1982). The functions of these latter populations vis-a-vis antigen presen-
tation, have not been analyzed extensively.

A. ORIGIN

B cells and dendritic cells both originate from bone marrow pro-
genitors. The events whereby progenitor B cells, termed pro-B cells,
develop into monoclonal mature B cells, with a single or clonotypic recep-
tor for antigen, have been defined. The pro-B cell has Ig genes in germ-
line configuration and is represented by cell lines such as LyD9 (Kinashi
et al., 1988). The next stage, the pre-B cell, has rearranged the Ig

TABLE 11
TissuE DiISTRIBUTION AND MOVEMENTS OF DENDRITIC CELLS AND B L.YMPHOCYTES®
Compartment B lymphocyte Dendritic cell
Bone marrow Pro-B — Pre-B — B Ia~ precursor
Circulation Blood Afferent lymph
(t1, weeks/months) (ty; hours)
Lymphoid organs B cell areas T cell areas
Antigen | Antigen t
Nonlymphoid organs Plasmablasts to Sentinel cells
eliminate antigen to present
antigen

2A more detailed review of the history of dendritic cells has appeared recently
(Fossum, 1989).
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heavy-chain locus and contains cytoplasmic g. These cells can be iden-
tified in marrow. In u transgenic mice the introduction of membrane
W genes suppresses rearrangement at the heavy-chain locus in most cells
(Nussenzweig et al., 1987), thereby ensuring monoclonality. The pre-B cell
then differentiates further into the B cell by rearrangements at the N and/or
x light-chain locus and expression of membrane IgM. The vast majority
of cells express IgM and IgD that share the same Vi and are produced
by a common precursor transcript. As will be emphasized in Section
IV,A, the fact that B cells are clonal and capable of relatively high-
affinity and specific interactions with one versus many antigens is a salient
distinction from dendritic cells, which lack antigen specificity.

Mature B cells are a major component of isolated marrow suspen-
sions, some 50% of the leukocytes in mouse marrow being B cells.
Possibly, although we are not aware of direct evidence, the mature
marrow B cell is capable of presenting antigen, since it is not overtly
different from mature B cells in other organs.

Dendritic cells in mouse spleen (Steinman et al., 1974b), rat lymph
(Pugh et al., 1983), and mouse epidermis (Katz et al., 1979; Frelinger
et al., 1979) are bone marrow derived, i.e., in irradiation chimeras the
vast majority of dendritic cells in the chimera are of donor bone marrow
origin. However, the precursor has not been isolated. A single study has
shown that Ia~ bone marrow cells in the rat can develop into typical
Ia* dendritic cells (Bowers and Berkowitz, 1986), but the factors con-
trolling this development and the identification of discrete dendritic cell
colonies remain elusive. One cannot identify mature dendritic cells in
the marrow by morphology (Steinman and Cohn, 1973), expression of
the 33D1 antigen (Nussenzweig et al., 1982), or mixed-leukocyte reaction
(MLR)-stimulating activity (Steinman and Witmer, 1978). In
unpublished experiments we also have been unable to induce the for-
mation of typical dendritic cells from mouse bone marrow cultures even
in the presence of factors that stimulate myeloid [granulocyte-
macrophage (GM)] growth and differentiation, i.e., interleukin-3 (IL-3),
GM colony-stimulating factor (GM-CSF), G-CSF, or M-CSF. Therefore,
it would seem that dendritic cell development is under controls distinct
from phagocyte development. There is no evidence that mature func-
tioning dendritic cells are normally formed in the marrow. This situa-
tion is much like the T lymphocyte lineage, which derives from the
marrow but differentiates elsewhere, especially in the thymus.

In summary, a good deal is known about the development of B cells
in the marrow. Monoclonal, immunocompetent cells are produced there
in the apparent absence of any antigenic stimulus. Rather little is known
about dendritic cells in the marrow, except that they originate there
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but cannot be identified as mature cells, i.e., dendritic, Ia-rich, and
MLR-stimulatory cells.

B. LIiFE SPAN AND TURNOVER

Detailed reviews are available for B cells in Volume 91 of the
Immunological Reviews series and for dendritic cells in an article by
Fossum (1989). The rate of formation of new B cells in mouse marrow
is extensive. When a mouse is given radiolabeled thymidine, 50% of the
marrow surface Ig* cells have incorporated [3H]thymidine in 32-38
hours (Osmond and Nossal, 1974). Since the turnover of B cells in the
periphery is likely to be much slower (see below), most of the newly
formed cells in the marrow must die there.

Only one series of studies concludes that the turnover of B cells in
the periphery is rapid. By looking at the life span of lipopolysaccharide
(LPS)-responsive B cells in unresponsive, histocompatible recipients,
Freitas and Coutinho (1981) obtained evidence for very rapid turnover,
i.e., most cells were lost in 1-2 days. However, Ron and Sprent (1985)
found a life span of weeks to months when trinitrophenyl (TNP)-Ficoll-
responsive B cells were followed in recipients that had the x¢d deficiency.
The latter data are more consistent with the life spans of several weeks
that were noted using labeling with [®H]uridine and [*H]thymidine
(Howard, 1972; Sprent, 1973).

Upon antigenic stimulation, B cells expand clonally. The extent of
clonal expansion during an antibody response in situ seems limited for
antibody-secreting cells, since their levels typically peak within 4-7 days
of the administration of antigen. Additional clonal expansion occurs during
the formation of the memory B cell pool. This expansion likely occurs
in the germinal centers of lymphoid organs (Fleidner et al., 1964; Sordat
et al., 1970). These are collections of proliferating B cells that are evident
for at least 1-2 weeks after the administration of antigens and whose
formation is T cell dependent (Jacobson et al., 1974). B cell prolifera-
tion in germinal centers is thought to be driven by antigen-antibody
complexes which are retained on the surface of follicular dendritic cells
(Nossal et al., 1968; Szakal and Hanna, 1968; Chen et al., 1978b). Ger-
minal center or follicular dendritic cells are distinct from the dendritic
cells under discussion in this review. The two cell types exhibit morpho-
logical differences, and isolated lymphoid dendritic cells do not carry
detectable immune complexes (Steinman and Cohn, 1974; Tew et al.,
1982). Recent studies reveal that the surface phenotypes of follicular
dendritic cells and lymphoid dendritic cells are entirely distinct in human
tonsil (Schriever et al., 1989; Hart and McKenzie, 1988) and mouse lym-
phoid tissues (Humphrey et al., 1984; Schnizlein et al., 1985).
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Dendritic cell turnover varies markedly, depending on the compart-
ment under study. In mouse spleen and rat lymph, turnover is rapid,
with half-times of less than 1 week (Steinman et al., 1974b; Pugh et al.,
1983; Fossum, 1989). Thus, if one administers [*H]thymidine repeatedly,
the percentage of labeled dendritic cells increases at a steady rate, cor-
responding to 5-10% of the total pool per day. The site in which den-
dritic cells are proliferating (incorporating [*H]thymidine) is not known.
Dendritic cells, once in the lymph or lymphoid tissue, do not seem to
be proliferating, since they do not label with a 1-hour pulse of
[®*H]thymidine.

The turnover of dendritic cells in nonlymphoid tissues may be very
slow, as illustrated by some of the findings with epidermal Langerhans
cells (LCs). In bone marrow chimera experiments the influx of donor-
derived LCs into the epidermis occurs with half-times on the order of
weeks to months (Katz et al., 1979), and some host LCs can persist for
close to 1 year. In guinea pig epidermis the [*H]thymidine labeling
index of LCs is about 0.3%, but this can approach 3% with applica-
tion of a contact allergen (Gschnait and Brenney, 1979). Our preliminary
findings are that it is not possible to label even 0.1% of the 1L.Cs in mouse
ear epidermis following repeated daily injections of [3H]thymidine in
the steady state (unpublished observations), confirming the report by
MacKenzie (1975). Another study has reported that substantial numbers
of LCs can be labeled following the administration of bromodeoxyuridine
(BrDU), and then epidermis can be double labeled with anti-Ia and
anti-BrDU antibodies (Caernielewski et al., 1985). Thus, more data are
required to assess the turnover rates of Ia™ tissue dendritic cells.

C. LocAaLizaTioN IN LyMpPHOID ORGANS

B cells in lymphoid organs are primarily found in regions called
follicles, or B cell areas. Useful diagrams and typical results using
immunolabeling of tissue sections with anti-B cell Mabs, are available
for lymph node and spleen (MacLennan and Gray, 1986). B cell follicles
are the site in which germinal centers develop during a T cell-dependent
immune response. Small numbers of CD4* T cells also are found in
germinal centers (Bhan et al., 1981).

It has long been suspected that the primary localization of dendritic
cells is the T cell, rather than the B cell area. This is because a cell
with many similarities to isolated dendritic cells, the interdigitating cell
(IDC) is found in the T cell area of lymphoid organs (periarteriolar
sheath of spleen, paracortex and deep cortex of lymph node, the inter-
follicular cortex of Peyer’s patch, and the thymic medulla) (Scollay et al.,
1980; Heusermann et al., 1974; Veerman, 1974; Veerman and Van Ewijk,
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1974; Kaiserling et al., 1974; Duijvestijn et al., 1983; Veldman and
Kaiserling, 1980; Fossum et al., 1980). IDCs have irregularly shaped
nuclei and abundant pale cytoplasm by light microscopy, and by elec-
tron microscopy, they have a shape most consistent with the presence
of abundant long processes. Thus, the plasma membrane shows deep
but closely spaced indentations which would occur if pseudopods or veils
were compressed upon one another. There is little evidence of secretory
function (rough endoplasmic reticulum, secretory granules) in IDCs, and
endocytic vacuoles and lysosomes typically are scarce.

IDC:s likely express high levels of Ia. T cell areas contain stellate Ia*
cells by light-microscopic immunolabeling, and in the case of rodents
T cells do not express class II MHC (Dijkstra, 1982; Witmer and Stein-
man, 1984). The Ia-rich IDC does not express some traditional B cell
and macrophage markers, e.g., 2.4G2 anti-Fcy receptor II (anti-FcyRII),
F4/80, M1/70 or Mac-1, and B220 or CD45R 4 (Witmer and Steinman,
1984). Kraal and co-workers have developed two monoclonal antibodies,
NL145 (Kraal et al., 1986) and MIDC-8 (Breel et al., 1987), which, while
not perfectly restricted to dendritic cells, seem to stain most dendritic
cells in T cell areas and lymphoid isolates (Crowley et al., 1989; Breel
et al., 1987). Other studies have pointed out that IDCs have certain
cytochemical features of dendritic cells— for example, there is little acid
phosphatase activity (Eikelenboom, 1978)—and express an antigen
termed S100g, which is found in LCs but not in other leukocytes
(Takahashi et al., 1984).

Two recent studies provide direct evidence that isolated dendritic cells
can home to the T area and assume the localization of IDCs. Austyn
et al., (1988) labeled highly purified splenic dendritic cells with a Hoechst
fluorochrome, injected the cells intravenously, and documented homing
by looking for Hoechst-labeled cells (blue emission) in tissue sections
of spleen that were double labeled with fluorescein isothiocyanate (FITC)
antiT cell Mab (green emission). Also, it was noted that splenic den-
dritic cells will bind #n vitro to the marginal sinus region of sections of
the white pulp nodule. The marginal sinus is the region where the den-
dritic cells first localized following intravenous injection ¢n situ before
entering the T cell areas (Austyn et al., 1988). In contrast to B cells,
dendritic cells injected intravenously do not leave the circulation via
postcapillary venules to enter lymph nodes (Fossum, 1988). Fossum
labeled dendritic cells in rat lymph by giving the animals repeated doses
of [3H]thymidine prior to isolation. He also observed homing to the
T cell area following intravenous injection. The labeled cells entered
the periarteriolar sheaths of spleen as well as the T cell area of the celiac
nodes after traversing the liver. Following injection into the footpad, the
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cells migrated to the paracortex of the popliteal node. The homing of
the injected dendritic cells was followed by light-microscopic autoradi-
ography, but serial sections were also examined by electron microscopy
to prove that the labeled cells had the ultrastructural characteristics of
IDCs (Fossum, 1988).

In the study of homing of spleen-derived murine dendritic cells cited
above, migration to the T cell area did not occur in nude mice but could
be reconstituted with an injection of T cells (Kupiec-Weglinski et al.,
1988). However, dendritic cells are evident in the afferent lymph of nude
rats, and IDCs are clearly present in the lymph node cortex of these
animals (Fossum et al., 1980). It is possible that there are two pools of
dendritic cells in the T cell area: a relatively long-lived, T cell-
independent pool of IDCs that functions to present antigens arising from
within the lymphoid organ (e.g., when an infectious agent is growing
there), and a pool with rapid turnover that migrates with antigen from
the tissues into the T cell-dependent areas (see Sections II,D, IILE and
VI,B) only in the presence of T cells.

The evidence cited above indicates that the dendritic cells isolated
from the spleen are closely related to the IDCs. However, the two cell
types may not be identical. For one thing, we find that it is easier to
isolate dendritic cells from the spleen than from the lymph node, whereas
the density of IDCs is much greater in sections of node. Also, IDCs express
the NL145 antigen and lack 33D1, while most isolated spleen dendritic
cells express 33D1 but have relatively little NL145. Recent experiments
identified an NL145% 33D1~ dendritic cell which could be released into
spleen suspensions by collagenase digestion. This cell was larger than
the typical dendritic cell and expressed more cell surface MHC molecules
(Crowley et al., 1989), but was otherwise similar in overall appearance
and cell surface markers. The NL145* cell most likely corresponds to
the IDC in situ, whereas the more easily released dendritic cell may be
en route to the T cell area having acquired antigen beforehand, e.g.,
in the marginal zone. As yet, the two types of dendritic cells isolated
from the spleen are not known to be functionally different (R. M. Steinman,
unpublished observations).

D. DenbriTIC CELLS AND B LYMPHOCYTES
IN NONLYMPHOID ORGANS

It is difficult to identify small B cells in nonlymphoid organs. However,
plasma cells underlie nonkeratinizing external surfaces of the body, such
as the gut and exocrine glands. Most of these plasma cells are making
IgA (Tomasi and Bienenstock, 1968) and presumably have interacted
previously with helper cells capable of enhancing the expression of the



DENDRITIC CELLS AND B CELLS As APCs 53

IgA isotype. Since plasma cells likely express little or no class II MHC
products, mucosal plasma cells may not present antigens to CD4*
helper cells.

In contrast to B cells, Ia-rich dendritic cells may be present in most
nonlymphoid tissues in the steady state. The first evidence was in rats,
where Klinkert et al. (1982) identified dendritic cells in skin and liver
suspensions and Hart and Fabre (1981) identified dendritic leukocytes
(cells that were rich in Ia but lacked typical B cell and macrophage traits)
in sections of most tissues. Two sites in which there are few Iat den-
dritic cells are the brain and the cornea. Findings comparable to those
in the rat, i.e., the presence of interstitial dendritic cells in most human
organs, were made by Daar ef al. (1983), who stained sections of several
tissues with Mabs to class II and other leukocyte antigens. Ia* dendritic
cells in nonlymphoid organs have been described now in several studies
(Hart and Fabre, 1981; Mayrhofer et al., 1983; Wilders et al., 1983;
McKenzie et al., 1984; Forbes et al., 1986; Sertl et al., 1986; Faustman
et al., 1984), including two studies of the 12- to 20-week human fetus
(Hofman et al., 1984; Janossy et al., 1986). These studies are hampered
by the lack of specific antibodies to identify dendritic cells in tissue
section. The use of anti-Ia antibodies also could underestimate the
number of dendritic cells, since there may be pools of Ia~ dendritic cell
precursors that only express Ia in response to cytokines such as IL-1 (Inaba
et al., 1988).

Since the expression of cell surface markers does not establish func-
tion, an important approach is to isolate nonlymphoid dendritic cells
and compare them with other leukocytes. The most detailed analysis
has been in murine epidermis, where it is possible to isolate enriched
populations of LCs and maintain these in culture (Schuler and Stein-
man, 1985; Witmer-Pack et al., 1987; Heufler et al., 1987). In doing
so, it has become apparent that freshly isolated LCs can undergo marked
changes over 1-3 days in culture. These progressive changes are of several
types and are reviewed more extensively elsewhere (Romani et al., 1989d).
Briefly, (1) the LCs enlarge over 3 days and develop many long processes
(e.g., dendrites, veils). (2) The cell surface is remodeled extensively. Cell
surface MHC products and IL-2 receptors are up-regulated, while mem-
brane ATPase and FcR are down-regulated. (3) Freshly isolated LCs can
present exogenous protein antigens to T cell clones, whereas cultured
LCs do not. However, (4) cultured LCs have powerful sensitizing func-
tions for resting T cells, as in the MLR and oxidative mitogenesis
responses. During the latter responses, the LCs exhibit a characteristic
feature of dendritic cells, which is the capacity to efficiently bind the
T cells that are to be stimulated. This binding seems to occur by an
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antigen-independent mechanism, to be discussed in Section VI,C. The
maturation of LCs in culture depends on cytokines, especially GM-CSF
(Witmer-Pack et al., 1987; Heufler et al., 1987). Comparable observations
have now been made on cultured human LCs, which lose FcR and stain-
ing for AT Pase and nonspecific esterase and become active MLR stimulators
with abundant cell surface MHC products (Romani et al., 1989b)

Dendritic cells are also evident in the lung, in both tissue sections
and single-cell isolates. Holt et al. (1987) have isolated dendritic cells
from rat tracheal epithelium and pulmonary interstitium. The dendritic
cells are rich in class II MHC products, lack surface Ig and FcRs, and
are nonadherent. Sertl et al. (1986) have identified comparable cells in
the mouse. It has yet to be determined whether dendritic cells in other
nonlymphoid tissues can undergo the process of maturation described
above for epidermal LCs.

E. CIRCULATION

B cells recirculate from blood through the B cell areas or follicles of
lymphoid organs, then to efferent lymph, and back to blood (Howard
et al., 1972; Sprent, 1973). During their circulation through lymph node
and Peyer’s patch, it would appear that the B cell must exit the blood
via postcapillary venules and then traverse the T cell area to move to
the B cell follicle. The pathway in the spleen is not clear, but possibly
consists of entry into the white pulp from the marginal sinus, traversal
of the periarteriolar T cell sheaths, and homing to the B cell follicle.
One possible site for B cell-T cell interaction ¢n situ would be the lym-
phoid T cell area, involving B cells in transit to the follicle; another
would be the B cell area itself, since immunolabeling of tissue sections
identifies some T cells, especially when germinal centers are present
(Bhan et al., 1981).

Although B cells recirculate from blood to lymphoid organs, the
pathways for dendritic cells seem to be entirely afferent and nonrecircu-
lating. A large number of studies, beginning with the work of Kelly,
Balfour, and Drexhage (Kelly et al., 1978; Drexhage et al., 1979), have
identified dendritic cells in the afferent lymph of many species (Table I).
Lymph draining the skin and the gut have been studied. In each case
the dendritic cells have prominent processes or veils, are nonadherent
and nonphagocytic, lack Fc receptors and other standard markers of
macrophages, and express high levels of class II MHC products. Where
analyzed, the lymph dendritic cells are strong stimulators of the growth
of resting T lymphocytes in the MLR and polyclonal mitogen responses
(Knight et al., 1982; Pugh et al., 1983; Mason et al., 1981). In the case
of lymph draining the skin some of the dendritic or veiled cells are noted
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to contain Birbeck granules (Kelly et al., 1978) and to express the CDI
antigen (Mackay et al., 1988; Hopkins et al., 1989), both characteristics
of epidermal LCs (Sullivan et al., 1985; Breathnach, 1964).

The flux of dendritic cells in afferent lymph can be considerable, up
to 10° per hour in three different species (Pugh et al., 1983%; Fossum,
1984; Hopkins et al., 1989). Even before dendritic cells were discovered,
a detailed study of several lymphatic beds in the sheep, by Smith et al.,
reported a lymph flow of 1-10 ml/hr, with 105-10° cells per milliliter
and 20% “macrophages” (Smith et al., 1970). Many of the
“macrophages” were noted to be nonadherent and highly motile and
had many long processes which could bind lymphocytes. All of these
properties subsequently proved typical of dendritic cells and not
monocytes or macrophages in many organs and species.

B cells are also present in afferent lymph, but many seem to be express-
ing CD5 (Mackay et al., 1988; Hopkins et al., 1989). The levels of B cells
in lymph are roughly similar to those of dendritic cells, but unlike
dendritic cells, B cells are also found in efferent lymph. Since B cells
may primarily present specific antigens that have been processed via
surface Ig (see Section IV,A), the flow of such antigen-specific B cells
in afferent lymph is exceedingly small, given a total flux of about
105-10% B cells per hour, especially relative to the flux in the recir-
culating B cell pool in blood and lymphoid organs. In contrast, the move-
ment of dendritic cells in lymph, which are antigen nonspecific in their
function and which are only required in small numbers to stimulate
T cells, is large.

A notable feature of afferent lymph dendritic cells is their heterogeneity
with respect to certain traits (Pugh et al., 1983; Fossum, 1984). Some
examples are the levels of nonspecific esterase, Thy-1 and CD4 antigens,
and IL-2 receptors. One explanation for this finding is that lymph den-
dritic cells are derived from nonlymphoid tissue precursors. The latter,
at least in the case of murine LCs, undergo marked changes in phenotype
upon activation #n v¢ro, such as the loss of nonspecific esterase staining
and the acquisition of IL-2 receptors (see Section II,D). Possibly, den-
dritic cells are undergoing comparable changes as they enter the lymph
from nonlymphoid tissues.

Given the presence of dendritic cells in the afferent lymph, it is possi-
ble that they carry processed antigens picked up in the tissues. Con-
siderable evidence for such a phenomenon is available (see Section VI, B),
but the most direct information has come from two recent studies.
Macatonia et al. (1987) applied FITC as a contact allergen and recovered
FITC-labeled dendritic cells as the major cell type carrying allergen in
the draining lymph node. FITC-dendritic cells were detected within
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8 hours of applying the allergen, and plateau levels were seen between
24 and 48 hours. Bujdoso et al. (1989) boosted ovalbumin-primed sheep
with antigen in saline and then found that the dendritic cells in the drain-
ing afferent lymph were carrying ovalbumin in a form that is recognized
by primed T cells.

Since typical dendritic cells have not been found in efferent lymph,
most dendritic cells in afferent lymph must die upon reaching the lym-
phoid organ, either before or after their encounter with antigen-specific
lymphocytes. This would account for the considerable turnover of den-
dritic cells in lymph and spleen sited above. Less clear is the site at which
the dendritic cells in afferent lymph are produced. Given the lack of
extensive turnover in epidermal LCs (see Section II,B), it is unlikely that
lymph dendritic cells are all derived from the epidermis. More likely,
there is a reservoir of immature dendritic cells in the dermis or in the
blood, with the latter circulating constantly from blood to tissues to
afferent lymph.

Small numbers of typical dendritic cells have been identified in human
blood (Table I), but not yet in the blood of other species such as mice
(Nussenzweig et al., 1982). The blood dendritic cell is unlikely to be
recirculating, since dendritic cells have not been found in efferent lymph.
One possibility is that human blood dendritic cells represent cells that,
in analogy to the veiled cells of afferent lymph, have been mobilized
from tissues and are moving to the spleen to present antigens there.
Another is that the blood dendritic cell is part of a pool of cells that
moves from blood to tissues to afferent lymph and lymphoid organs, but
not back to blood.

In summary, the distribution and circulation pathways for B cells and
dendritic cells differ. B cells primarily are in the vascular compartment,
recirculating continually from blood to lymphoid follicles to lymph and
back to blood. During this pathway, the B cell likely traverses the T cell
areas. Mature dendritic cells are infrequent in the blood but can move
in substantial numbers via the afferent lymph to the T cell-dependent
regions of lymphoid organs. One can speculate from this data as to where
these two APCs are likely to encounter antigen and stimulate antigen-
specific T cells. Dendritic cells are found in nonlymphoid tissues, where
antigens first gain access to the body, from which they may be able to
home to the T cell areas of lymphoid organs. In contrast, there seem
to be few B cells in nonlymphoid tissues, and most are recirculating con-
tinually. B cells are positioned to capture antigens either in the circulation
or in germinal centers, where immune complexes are found on follicular
dendritic cells (see Section 1I,B). These contrasting life histories in szitu
are consistent with other sets of observations, to be described below (see
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Sections IV-VI), whereby nonlymphoid dendritic cells have been observed
to pick up antigens and are important APCs in several primary T cell-
dependent responses. B cells likely function in lymphoid organs at later
stages of the primary response and in secondary or memory T cell-
dependent antibody formation.

F. DELAYED-TYPE HyYPERSENsITIVITY (DTH) REACTIONS

DTH reactions, in which a specific antigen elicits a T cell-dependent
influx of mononuclear cells in sensitized individuals, provide an oppor-
tunity to examine a local immune response n situ. The observations
of Kaplan, Cohn, and colleagues (Kaplan et al., 1987) are of interest
in that they have noted few, if any, B cells in the DTH site, but have
seen sizable numbers of dendritic cells. The latter express the CD1
(OKT6) marker found on epidermal LCs, and some of the cells have
Birbeck granules, as seen by electron microscopy. These workers sug-
gested that the LCs in the DTH site may not be derived from the
epidermis, but from circulating or dermal progenitors (see Section IL,E).

HI. The Cell Surface of Dendritic Cells and B Lymphocytes

The cell surface phenotypes of these two types of APCs differ con-
siderably (Fig. 1). Many surface components provide important markers
for distinguishing these cells and monitoring population purity in
experimental studies, and several could contribute to APC function. The
latter are reviewed here.

Of some interest (Fig. 1) is the change in phenotype that accompanies
the activation of small B cells to large lymphoblasts and the matura-
tion of freshly isolated epidermal LCs upon culture with GM-CSF. The
activation of B cells has been studied primarily n vitro, using polyclonal
mitogens such as anti-Ig and LPS. The activation of dendritic cells refers
to the maturation of nonlymphoid dendritic cells to lymphoid dendritic
cells, as represented by the maturation of LC in culture. During the
activation process, both B cells and dendritic cells process antigens and
acquire the capacity to stimulate primary T cells. These functional data
are considered below, as are a few papers that deal with B cells and den-
dritic cells which have been activated ¢n situ (see Sections IV and VI).

A. MHC ProbucTs

Class II MHC products are essential for presentation of antigen to
CD4* T cells, including T cells with helper function for antibody
responses. Lymphoid dendritic cells and freshly isolated epidermal LCs
have high levels of class I MHC [I-A and I-E in mice; human leukocyte
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Fic 1. Surface phenotypes of B cells and dendritic cells. The data for B blasts are
those observed following stimulation with anti-Ig or LPS in mice and germinal center
B cells in humans. The data for dendritic cells are those observed for Langerhans cells
that have been maintained in culture, or splenic dendritic cells. Plus or minus signs
for dendritic cell expression of 33D1, NL145, and J11d refer to different subpopulations
of the dendritic cell family (see text).

antigen (HLA)-DP, -DQ, and -DR in humans]. Quantitative binding
studies with an anti-I-A Mab give a minimum of 200,000 antibody
binding sites per cell (Nussenzweig et al., 1981; Schuler and Steinman,
1985). Few quantitative data on MHC expression are available for human
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dendritic cells, but studies of blood (Brooks and Moore, 1988; Knight
et al., 1987; Van Voorhis et al., 1983a), inflammatory exudates (Zvaifler
et al., 1985), afferent lymph (Spry et al., 1980), and tonsil (Hart and
McKenzie, 1988) have emphasized the strong immunolabeling with anti-
class II MHC antibodies. The invariant chain, which associates with class
II MHC products, also has been detected in epidermal LCs (Claesson-
Welsh et al., 1986; Quaranta et al., 1984).

When LCs are cultured, the levels of I-A and I-E increase at least
fivefold (Witmer-Pack et al., 1988). The increase in class II MHC is
detectable within 3 hours of culture, reaches a plateau within 12-18 hours,
and is blocked if cycloheximide is added (Witmer-Pack et al., 1988).
Several other surface molecules are not up-regulated, so that the increase
in MHC products is selective. Hopkins et al. (1989) have recently reported
that, following local administration of antigen in sheep, the dendritic
cells in the draining afferent lymph up-regulate the levels of cell surface
class II MHC molecules at least fivefold.

Exogenous factors that regulate MHC expression on LCs or other den-
dritic cells have not been identified, but T cell conditioned media and
y-interferon (IFN-v) are inactive (Steinman et al., 1980; Schuler and
Steinman, 1985). T cell-derived products do not seem to be essential
in the case of LCs, since mouse epidermis lacks T cells (Romani et al.,
1985), and the suspensions are treated with anti-Thy-1 and complement,
which would remove possible contaminants.

Small B cells, like dendritic cells, constitutively express class II MHC
products, but the levels on B cells appear to be one fifth of the level on
dendritic cells, at most (Nussenzweig et al., 1981). The level of class I1
MHC on B cells also can be up-regulated markedly, the stimuli being LPS
(Monroe and Cambier, 1983a), anti-Ig (Birkeland et al., 1987; Monroe
and Cambier, 1983c), IL-4 (Noelle et al., 1984; Roehm et al., 1984),
or antigen (Monroe and Cambier, 1983b). The increase is detectable
within 6 hours of stimulation, is maximal by 12 hours, and is maintained
at high levels for up to 48 hours (E. Puré, unpublished observations).

Expression of class II MHC is essential for antigen presentation to
CD41 cells, but there is no direct correlation of class II MHC levels and
overall stimulatory function. For example, B cells that are induced with
IL-4 to express more la are inactive as MLR stimulators (Krieger et al.,
1986). LCs up-regulate their Ia to maximal levels in less than 1 day but
only become active MLR stimulators progressively between 1 and 3 days
in culture (Witmer-Pack et al., 1987).

Class I MHC products also increase markedly on cultured LCs. Freshly
isolated LCs express as much class I MHC as most keratinocytes (Witmer-
Pack et al., 1988; Lenz et al., 1989), but with culture, class I, like
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class IT, MHC increases about fivefold (Witmer-Pack et al., 1988). B cells
constitutively express class I MHC. It is intriguing that IL-4 up-regulates
B cell class IT MHC five- to tenfold, with only a twofold increase in class
I MHC (Noelle et al., 1984).

Therefore, both dendritic cells and B lymphocytes are lineages that
express class I and class II MHC products constitutively. However, the
stimuli and factors which up-regulate MHC gene expression seem to differ
for each cell type.

B. TuE CD45 LEUKOCYTE COMMON ANTIGEN
AND ITs RESTRICTED IsoForms, CD45R

The gene for the leukocyte common antigen, also referred to as T200
or CD45, encodes (1) a large cytoplasmic region of 705 amino acids, con-
taining two tandem domains of approximately 300 amino acid residues,
that has homology to a protein tyrosine phosphatase isolated from human
placenta (Charbonneau et al., 1988), (2) a single transmembrane
domain, and (3) a large extracellular domain of variable size, depend-
ing on the use of three different amino-terminal exons, termed 4, 5,
and 6 or A, B, and C. Those antigenic epitopes which are found on
all isoform products of this gene and all leukocytes are termed CD45.
Other epitopes, which are termed CD45R since they have a more
restricted cell distribution, are useful in distinguishing the two types of
APCs (see below). The function of CD45 and CD45R isoforms is not
yet known, but one possibility is that the different isoforms influence
the kinds of cell-cell interactions in which a specific cell type engages.

The leukocyte common CD45 epitope is found on both B cells and
dendritic cells, and expression does not vary with different states of activa-
tion ¢n vitro (Crowley et al., 1989). One of the CD45R epitopes, initially
termed B220 (Coffman and Weissman, 1981; Dalchau and Fabre, 1981),
is found on B cells at all stages of development but is not found on den-
dritic cells (Crowley et al., 1989; Romani et al., 1988). The B220 epitope
is found on the largest (220-240 kDa) CD45 isoforms and is synthesized
when all 3 external exons are spliced into the CD45 transcript (Johnson
et al., 1989). B220 expression is unchanged when B cells are stimulated
in vitro (Metlay et al., 1989).

More recently, another CD45R epitope has been identified in several
species. Its expression is B exon dependent (Johnson et al., 1989;
Birkeland et al., 1989). Some of the first CD45Ryg Mabs are termed
0X22 in rats (Spickett et al., 1983) and MB23G2/MBI15Cll in mice
(Birkeland et al., 1988). The expression of MB23G2 is reduced in one
kind of B blast, the proliferating cells of the germinal center (Birkeland



DENDRITIC CELLS AND B CcELLS As APCs 61

et al., 1988), but is not altered on many other kinds of blasts, such as
those induced with LPS or with anti-Ig. MB23G2 has not been detected
on dendritic cells.

C. INTEGRINS/ADHESINS

Leukocytes express a family of three integrins which share a common
95 kDa  chain, CD18. The CDI18 8 chain is called 83; to distinguish
it from other 8 chains which define other families of integrins, which
include the fibronectin receptor and platelet gplIb/IIla. Three different
« chains have been described for CD18: a 190-kDa CDlla or LFA-1, a
180-kDa CDI1b (C3bi or CR3 receptor; MAC-1), and a 150-kDa CDllc
of uncertain function (Sanchez-Madrid et al., 1983a,b). CDIlc has yet
to be detected on B cells or dendritic cells, but it is found on macrophages
and granulocytes (McMichael, 1987). CDI1b is missing from most B cells
but can be found at low levels on dendritic cells. CDlla is at low levels
on B cells and dendritic cells but can be up-regulated on anti-Ig-induced
B blasts (J. P. Metlay and E. Puré, unpublished observations).

One of the ligands for CD11a or LFA-1 is a widely distributed 90-kDa
glycoprotein called ICAM-1 (Rothlein et al., 1986; Dustin et al., 1986;
Marlin and Springer, 1987), which has homology to the neural cell adhe-
sion molecule NCAM (Simmons et al., 1988). B blasts and mature den-
dritic cells (Romani et al., 1989b) are among the many cell types on
which ICAM-1 can be found in humans where anti-ICAM-1 Mabs are
available. ICAM-1 is absent or at low levels on resting T cells (Dougherty
et al., 1989).

A key step in the function of APCs is the capacity to form stable con-
jugates with the responding T cell (see Section IV,C). The conjugation
of antigen-specific B cells and helper T cell clones is reduced with
antibodies to LFA-1 (Sanders et al., 1986, 1987). APC-T cell clustering
can be examined in primary immune responses, where it has been shown
that clusters are the site for T cell proliferation in the MLR (Inaba and
Steinman, 1984; Flechner et al., 1988) and antibody formation in primary
T cell-dependent responses (Inaba et al., 1984; Inaba and Steinman,
1985, 1987a). Interestingly, the capacity of B blasts, but not dendritic
cells, to bind T cells in the primary MLR is blocked by anti-CDlla (Inaba
and Steinman, 1987b; Metlay et al., 1989).

Another pair of molecules that has been implicated in heterotypic
cell-cell adhesion is CD2 and LFA-3 (Sanchez-Madrid et al., 1982;
Springer et al., 1987). These molecules have not been evaluated during
the clustering of APCs and primary T cells.
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D. RECEPTORS

A salient difference in receptors is that B cells express an antigen-
specific surface Ig receptor and dendritic cells do not. Dendritic cells
do not react with antibodies to whole Ig, light chains, or ¢ and 6 heavy
chains (Steinman and Cohn, 1974; Nussenzweig et al., 1981). Also, den-
dritic cells do not react with anti-CD3 or TCRaf reagents. Schuler and
colleagues (1989) have now shown formally that Ig and TCR genes in
dendritic cells are in the germ-line configuration. Thus, B cells are the
only APCs that can interact in a monoclonal fashion with antigen. As
a result, the same B cell that specifically binds an antigen also presents
fragments of that antigen to elicit T cell help.

While dendritic cells lack surface Ig, the manner in which tissue den-
dritic cells handle antigens still may render these APCs pauciclonal in
the sense that they may carry relatively few antigens. Epidermal LCs
can take up antigens for about 1 day in culture, but then the LCs are
no longer capable of handling additional antigens (Romani et al., 1989c).
This being the case, it has been proposed that ¢n situ tissue dendritic
cells may only be presenting a relatively small number of foreign epitopes
acquired at the site of antigen deposition.

FcyRs are found on all small B cells and are up-regulated five- to
20-fold following activation with LPS or anti-Ig (Puré et al., 1984; Viguier
et al., 1987). The principal, if not only, FcyR on B cells is termed FcyRII.
It is recognized by the Mabs 2.4G2 in mice (Unkeless, 1979) and IV.3
in humans (Rosenfeld et al., 1985). B cell FcyRII is encoded by the 3-type
transcript of the recently cloned mouse FcR gene (Ravetch et al., 1986).
FcyRII binds immune complexes but not soluble IgG. To date, two other
FcyRs have not been found on B cells: FcyRI of macrophages, which
binds soluble IgG with high affinity, and CD16 FcyRIII, which is found
on all natural killer cells and granulocytes and many tissue macrophages.

Dendritic cells in lymph and lymphoid organs lack FcyRs by several
criteria: binding of immune complexes or antibody-coated particles
(Steinman and Cohn, 1974; Steinman et al., 1979; Kelly et al., 1978;
Pugh et al., 1983), reactivity with 2.4G2 or other anti-FcR antibodies
(Nussenzweig et al., 1981; Crowley et al., 1989), and capacity to mediate
polyclonal responses to anti-CD3 Mab which require FcR on the accessory
cell (Young and Steinman, 1988). However, epidermal LCs clearly express
FcyRII (Romani et al., 1985, 1989a,b; Rowden, 1981; Stingl et al., 1977;
Haines et al., 1983). These FcRs decrease >909% in expression when
the LCs are placed in culture (Schuler and Steinman. 1985; Romani
et al., 1989a). Interestingly, although only small numbers remain, about
2000 binding sites for the 2.4G2 Mab per cell, these are sufficient to
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mediate the mitogenesis of large numbers of T cells in the presence of
anti-CD3 (Romani et al., 1989a).

It has been proposed that nonlymphoid dendritic cells express FcRs
to acquire antigens in the form of immune complexes, and that both
FcR and immune complex uptake is down-regulated when the dendritic
cell seeks out antigen-specific T cells (Romani et al., 1989a). However,
there is little direct evidence that FcRs on either LCs or B cells function
in antigen presentation at this time.

A newly recognized feature of the B blast is the expression of a low
affinity FceR, or CD23, which is up-regulated by I1L-4 (DeFrance et al.,
1987). This CD23 epitope, which is now known to be homologous to
murine Lyb-2, (Nakayama et al., 1989), can also be expressed by epider-
mal LCs, and in response to IL-4 as well (Bieber et al., 1989). This recep-
tor might account for the finding of IgE on LCs during atopic dermatitis
(Bruynzeel-Koomen et al., 1986; Barker et al., 1988).

The receptor for the C3d fragment of C3, also the Epstein-Barr virus
(EBV) receptor in humans or CD21 or CR2, is found on B cells but not
on other leukocytes (Ling et al., 1987). Except for the CD5" subset,
B cells do not seem to have other complement receptors (CR1 or C3b
receptor; CR3 or C3bi receptor). Dendritic cells only express the recep-
tor for C3bi (CR3), but the levels of CR3 in human blood and mouse
lymphoid dendritic cells are so low that one often does not detect them
in standard immunolabeling approaches. The levels of CR3 on epider-
mal LCs are higher, as assessed by a sensitive FACscan (Crowley et al.,
1989), but still readily missed with two-stage immunofluorescence
approaches. The role of C3-coated antigens in antigen presentation has
not, to our knowledge, been explored.

Both dendritic cells and B cells can express IL-2 receptors, but only
when activated. The p55 or low-affinity IL-2 binding chain is especially
abundant on cultured epidermal ICs (Steiner et al., 1986; Crowley et al.,
1989). To date, we have been unable to detect an effect of exogenous
IL-2 on the growth or function of IL-2 receptor-positive cultured LCs
(R. M. Steinman, unpublished observations). G. G. MacPherson (per-
sonal communication) has identified IL-2 receptor on rat afferent lymph
dendritic cells. Mouse B cells also express p55 when stimulated with LPS
(Nakanishi et al., 1984; Monroe and Cambier, 1983a), as do human
B cells, such as tonsillar B cells and cells that have been stimulated with
the mitogen heat-killed Staphylococcus aureus (Saiki et al., 1988). The
proliferative response of B cells to IL-2 is weak to modest. Ig secretion
can be enhanced by IL-2, but this requires the presence of other lympho-
kines, such as IL-4 and IL-5 (Purkerson et al., 1988).

Receptors for cytokines other than IL-2 have primarily been studied
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on B cells. Receptors for 1L-4, IL-5, and IL-6 are all up-regulated on
the activated B blast (Mita et al., 1988; Yamasaki et al., 1988; Ohara
and Paul, 1988; Rolink et al., 1989). Akahoshi et al. (1988) reported
that human B cells bind IL-1, but the preparations that were studied
would contain dendritic cells which are known to respond functionally
to IL-1 (Koide and Steinman, 1988). A determinant called CDw40 is
found on both B cells and dendritic cells, particularly following activation
(Hart and McKenzie, 1988; Romani et al., 1989b). It has been suggested
that CDw40 is a receptor for a B cell growth factor (Ling et al., 1987).

In summary, many of the cell surface molecules of dendritic cells and
B lymphocytes are substantially different. The two types of APCs differ
with respect to LFA-1, CD45, and receptors such as surface Ig, FcR and
C3R. Interesting similarities exist with respect to ICAM-1, IL-2 recep-
tor, CDw40, and CD23, each of which is up-regulated during the activa-
tion of both dendritic cells and B cells.

IV. Antigen Presentation

In practice, the measurement of antigen-presenting function requires
the induction of a T cell response by the concerted action of antigen
and APCs. We prefer to use the term ‘‘antigen presentation’ in a more
restricted and literal sense, i.e., to refer to those events which generate
a ligand for the clonotypic T cell receptor. This is currently understood
to be the processing of proteins and particulates to form peptides that
are associated with MHC molecules on the surface of the APCs. As yet,
there is no way to directly monitor the formation and amount of these
ligands, i.e., MHC-peptide complexes. In addition to ligand formation,
the APC performs other “sensitization” functions, which include binding
of the antigen-specific T cell and induction of several T cell genes that
are needed to carry out the immune response. As we point out throughout
this section, some assays for APC function primarily measure presenta-
tion, while others require sensitization functions as well.

In this section, we compare dendritic cells and B cells for their
capacity to induce the proliferation of CD4* helper cells for several dif-
ferent classes of antigens— proteins, MHC, and Mls. We also consider
responses that involve graft rejection and the generation of CD8 *
cytolytic cells. In Section V we review the more complex system of
APC function in the antibody response. In the discussion we attempt
to dissect dendritic and B cell function into several components: for-
mation of a ligand for the T cell, including endocytosis and antigen
processing; movement 7n situ such that the APC and the T cell can
interact; binding of the APC to the T cell; and initiation of lympho-
kine production and T cell growth.
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A. PRESENTATION OF PROTEIN ANTIGENS

Because of the low frequency of T cells reactive to any given soluble
antigen, primary responses to proteins are not readily detectable.
Therefore, previously activated and expanded populations of responder
cells are utilized. Antigen-primed populations have been prepared at
three levels. The first utilizes T cells from lymph nodes draining a depot
of antigen plus adjuvant, usually the base of the tail or footpad in mice,
and generally at 8-10 days after priming (Corradin and Chiller, 1979).
Human blood donors that have been exposed to antigens such as tetanus
toxoid (TT) or to Mycobacteria also are commonly used. Second, T cells
from primed mice and humans can be expanded #n witro, and then
antigen-specific clones can be isolated (Fathman and Frelinger, 1983;
Ottenhoff et al., 1986). A third approach is to fuse antigen-primed T cells
to thymoma lines, thus producing stable T cell hybridomas of defined
antigen specificities (Haskins et al., 1983).

Because all three experimental approaches utilize T cells that are either
recently activated ¢n vivo or chronically stimulated ¢in vitro, it is possi-
ble that steps critical for priming T cells are not being measured during
most assays of protein presentation. T cell hybridomas, for example,
typically respond to antigen presented by MHC molecules incorporated
into otherwise bare lipid bilayers (Watt, 1988), whereas this has not been
possible with other T cell populations. Stimulation of many T/T hybrids
does reflect the capacity of the APC to generate an effective ligand, but
the amount of ligand that is required by T/T hybrids may be much
smaller than the amount needed to induce responses in primary cells.

The one system in which APC function for unprimed and sensitized
primary T cells has been compared in detail is the MLR (see Section
IV,B). It has been shown that primed lymphoblasts, but not unprimed
T cells, respond vigorously to allogeneic small B cells as APCs. Even
aldehyde-fixed APCs are functional when primed lymphoblasts are the
responder T cells (Inaba et al., 1984, 1985). Resting T cells require den-
dritic cells for stimulation, and the dendritic cells are sensitive to minute
exposures to aldehyde fixation. Freshly sensitized T blasts also respond
rapidly to growth factors such as IL-2, whereas resting lymphocytes do
not. In summary, expanded populations of primed T cells are valuable
for detecting responses to specific protein antigens, but such T cells may
bypass important requirements for immunogenicity and priming.

Despite the differences in the systems of primed T cells that have been
utilized in assays of protein presentation, certain key concepts repeatedly
have been evident (Rothbard, 1986; Berzofsky, 1988; Schwartz, 1985;
Unanue, 1984; Livingstone and Fathman, 1987). (1) T cells do not
respond to soluble antigen but instead recognize antigen when it is
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presented on the surface of other cells. (2) Most T cells are exquisitely
antigen specific and can distinguish between forms of an antigen that
differ by as little as one amino acid. (3) T cells are MHC restricted in
that they respond to the specific antigen only when presented by cells
which express one of the multiple MHC alleles in the populations.
(4) This dual recognition of antigen plus MHC is achieved by a single
TCR heterodimer. (5) T cells can recognize either native or denatured
forms of an antigen. This is because most native antigens must be
denatured and/or proteolytically processed by APCs either in an
intracellular compartment or extracellularly prior to successful presen-
tation in association with MHC molecules. (6) For the majority of T
cell clones and hybrids minimal antigenic peptides often as short as eight
to 11 amino acids have been defined (Corradin and Chiller, 1979; Allen
et al., 1984; Shimonkevitz et al., 1984; Townsend et al., 1986; Berkower
et al., 1984; Rothbard et al., 1988; Maryanski et al., 1988; Guillet et
al., 1986), and for bulk T cell populations a single peptide can domi-
nate the repertoire of the responding cells (Kojima et al., 1988).

These concepts have been illuminated and extended by the crystalliza-
tion of an MHC molecule, the structure of which provides a binding
pocket—25 A in length and about 10 A in width and depth —for small
peptides (Bjorkman et al., 1987a,b). Other MHC molecules can be
modeled similarly (Brown et al., 1988). Previously identified polymor-
phic residues of the MHC molecule can line the binding pocket, and
most likely influence peptide binding, or can face outward from the
edges of the groove, and most likely contact the TCR (Bjorkman et al.,
1987b; Davis and Bjorkman, 1988). Therefore, MHC restriction could
operate at the level of the type of peptide that is bound and at the level
of MHC-TCR contacts.

1. Early Studies of B Cells

Some of the earliest studies on the presentation of protein suggested
that normal B cells could serve as APCs. Kammer and Unanue (1980)
tested keyhole limpet hemocyanin (KLH)-primed T cells and found that
while spleen-adherent cells or peritoneal cells were, on a per-cell basis,
up to 100-fold more potent, spleen-nonadherent cells or sorted Ig*
B cells could also present antigen. However, as the authors pointed out,
the considerable weakness in the potency of B cells made it difficult to
rule out a minor contamination of the preparations with non-B
stimulators.

To obtain more homogeneous populations of APCs, monoclonal tumor
lines were tested. McKean et al. (1981) screened several lines for expres-
sion of class I MHC molecules as well as the capacity to present soluble
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protein to chronically stimulated T cell lines. In general, a good cor-
relation existed between expression of Ia and APC function. Some of
the lines expressed surface Ig. Glimcher et al. (1982) likewise reported
that some B cell lymphomas, such as A20, but not other Ia* B cell
tumors, could present proteins.

While studies with monoclonal B cell tumors effectively eliminate the
problems of low-level contamination with non-B APCs, tumors are not
normal B cells. For example, growing lines may require considerable
endocytic activity to obtain essential nutrients by adsorptive endocytosis,
and in doing so, may exhibit an antigen-processing capacity that is not
representative of resting or even growing primary B cells. Current studies
in our laboratory on the presentation of myoglobin or MHC antigens
have shown that B cell lines such as A20 are far superior (some 20-fold
or more in dose-response studies) to primary activated B cells as APCs,
suggesting that B cell tumors are not representative of B cell APCs. EBV-
transformed B cell lines can also act as APCs in the human system, and
they allow one to generate lines that bind a specific antigen (Lanzavec-
chia, 1985). There are no studies comparing these lines to activated
primary human B cells.

2. The Role of Surface Ig in B Cell Presentation

To the degree that presentation in the above studies required processing
of the antigen, the efficacy of B cells likely depended on nonspecific
endocytosis of the antigen. Yet B cells, unlike other APCs, have specific
cell surface receptors for foreign antigens. Chesnut and Grey (1981)
addressed the role of surface Ig by testing APC function for T cells from
mice that had been immunized to rabbit IgG. Normal rabbit Ig (NRGG)
would be expected to be handled like any other soluble protein antigen,
but rabbit anti-mouse Ig (RAMIG) would have the capacity to bind to
all B cells via membrane Ig. Indeed, enriched B cells failed to present
the NRGG but strongly stimulated the T cells when RAMIG was added.
Spleen-adherent cells, in contrast, presented both forms of the rabbit
Ig equally well. B cell presentation of RAMIG was MHC restricted and
was equally effective with F(ab'), fragments as the antigen, ruling out
a special role for FcR-mediated binding by the B cell APCs. Because
the spleen-adherent cells presented NRGG, while the B cell prepara-
tions did not, a role for contaminating non-B accessory cells was unlikely.

Tony and Parker extended this approach by preparing T cell lines
and hybrids that were specific for rabbit Ig. Significant presentation
by B cells required microgram- or milligram-per-milliliter levels of
NRGG, whereas nanogram-per-milliliter concentrations of RAMIG were
active (Tony and Parker, 1985). The presentation of low concentrations
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of RAMIG also resulted in reciprocal activation of the B cell APCs, as
measured by a plaque assay for Ig secretion. In a follow-up study Tony
et al. (1985) showed that B cells presented monovalent anti-Ig in an essen-
tially equivalent fashion to bivalent anti-Ig. Rabbit Igs that were directed
to other B cell structures, i.e., MHC class I molecules, also were presented,
although with a fourfold lower efficacy than RAMIG.

More recently, Casten and Pierce (1988; Casten et al., 1988) have
extended the above findings by artificially directing a soluble protein,
cytochrome ¢, to the B cell surface by coupling the protein to antibodies
specific for Ig, I-A, or H-2K. Again, proteins directed to the B cell surface
were presented at concentrations one hundredth to one thousandth of
those required for unconjugated proteins. It was stated that antigens
artificially bound to surface Ig were more efficiently presented than were
those bound to surface MHC.

These observations suggest that presentation may gain both a
generalized advantage, by concentrating proteins at the APC surface,
and a specialized advantage, by binding antigens via surface Ig. While
there is long-standing evidence that at least anti-Ig reagents are
endocytosed (Unanue et al., 1972; Taylor et al., 1971), it is less clear
whether antibodies to other surface molecules can also be endocytosed.
There is evidence from studies of macrophages that the endocytic vesicle
membrane includes many of the components of the plasma membrane
from which the endocytic vesicle derives (Mellman et al., 1980; Muller
et al., 1983), so that most antibodies to the cell surface may be inter-
nalized to some extent, as long as some other ligand initiates the for-
mation of endocytic vesicles. This might occur if the B cells were exposed
to LPS, or if the cells were growing and had to acquire nutrients by
adsorptive endocytosis.

Many of the principles concerning the advantage of directing T cell
antigens to the B cell surface have been demonstrated utilizing enriched
populations of antigen-specific B cells. Rock et al. (1984) enriched for
TNP-binding B cells from TNP-primed mice. They assayed presenta-
tion of TNP coupled to the synthetic terpolymer glutamic acid-lysine-
phenylalanine (GAT) to a GAT-reactive hybridoma. The enriched B cells
presented unconjugated GAT poorly, but the same B cell populations
were strongly stimulatory with TNP-GAT, and at 1000-fold lower con-
centrations of polymer.

In the human system Lanzavecchia (1985) used EBV to immortalize
B cell clones, some of which were specific for TT and could bind the
antigen with a K4 of 1078 liters/mol. He then measured the capacity
of the lines to present this antigen to TT-specific T cell clones. The
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TT-specific B cell line could present the antigen at concentrations one
ten-thousandth of those required by B cell lines that were not TT specific.
Experiments with antigen-pulsed APCs, blocking with antiTT
antibodies, and inhibition with glutaraldehyde fixation and chloroquine
were all consistent with a model of presentation which included surface
Ig binding of TT, internalization into an acidic compartment, associa-
tion of processed antigen with MHC molecules, and recycling to the APC
surface,

In all of these experiments binding antigens to surface Ig could signal
the B cell to up-regulate APC function, in addition to concentrating
the antigen on the B cell surface. Anti-Ig treatment of resting B cells
leads to increased synthesis of class II MHC antigens and up-regulation
of adhesion molecules such as LFA-1 (see Section III,C), and possibly
development of so-called “costimulatory” functions (see MHC and Mls
in Section IV,B and C). Indeed, Casten et al. (1985) have observed up
to a tenfold increase in the capacity of B cells to present cytochrome
c to a T cell hybridoma when soluble, unlinked anti-Ig is given simul-
taneously with antigen. However, in the studies by Tony et al. (1985),
submitogenic doses of RAMIG, monovalent fragments of RAMIG, and
antigens directed to MHC molecules all showed enhanced presentation.
Such ligands may not activate the B cell to the same extent as intact
anti-Ig at high doses. Consequently, the major effect in these systems
seems to involve increased antigen binding and uptake by the B cells.

Vitetta and co-workers (Sanders et al., 1987) examined specific TNP-
binding B cells (Myers et al., 1986) for the capacity to form conjugates
with helper T cell clones. The TNP-binding cells were either from
unprimed mice or mice primed with TNP-ovalbumin, and the
hybridomas were KLH specific. Virgin B cells required a tenfold higher
concentration of TNP-KLH to achieve half-maximal binding (approxi-
mately 70,000 conjugates per 10 input of B cells after 30 minutes at
37°C). Also, the virgin B cell bound more slowly than did the memory
B cell (4-6 versus 2 hours to achieve maximal binding). These studies
indicate that when the affinity of the B cell’s antigen receptor is increased,
as in memory, the increased efficacy of the B cell as an APC is evident
in a rapid conjugation assay.

3. B Cell Activation and APC Function

While Chesnut and Grey (1981) initially reported that freshly isolated
spleen B cells (Sephadex Gl0-nonadherent spleen cells depleted of
Thy-1* T cells) could present RAMIG but not nonspecific antigens such
as NRGG or ovalbumin, others reported that B cell lymphomas such
as A20 could present nonspecific soluble proteins. A follow-up study
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(Chesnut et al., 1982a) directly compared fresh B cells, LPS-activated
B blasts, and B cell lymphomas as APCs for KLH-primed T cells and
TT hybrids. Unstimulated B cells were weak or inactive, but the other
forms of B cells were effective APCs. Interestingly, the weak activity of
fresh B cells was only seen when T cell hybridomas were evaluated, there
being no APC function with primary KLH-sensitized T cells.

Some controversy exists whether true resting B cells can present
nonspecific soluble proteins. Ashwell et al. (1984) fractionated fresh B
cells on discontinuous gradients and found that their high-density B cells
could present soluble antigen to normal primed T cells as well as to T cell
hybridomas. A critical point was that, in contrast to the APC function
of low-density adherent cells, fresh B cell APC function was ablated by
high-dose ionizing radiation (>1500 rad).

Krieger et al. (1985) similarly considered the APC function of resting
B cells but arrived at very different conclusions. They subfractionated
fresh B cells on discontinuous density gradients and demonstrated very
low APC function in the highest density fractions, even if only low-dose
irradiation was employed. The APC function of this same high-density
population was significantly increased after 48 hours of LPS activation,
and the activity was radioresistant. Other investigators (Frohman and
Cowing, 1985) have confirmed the weak APC function of small B cells,
its sensitivity to high-dose irradiation, and its enhancement by prior
activation of the B cells with LPS.

Another approach that might be useful in evaluating the relative con-
tribution of B cells in bulk lymphoid suspensions is to selectively deplete
them with a monoclonal antibody to B220, which only reacts with B cells
(Coffman and Weissman, 1981). When we do such an experiment with
myoglobin-reactive T cell clones (Romani et al., 1989c), we find that
B cell depletion enriches the APC function of spleen (exposed to 900
rad of 1¥7Cs) about four- or fivefold (R. M. Steinman et al., unpublished
observations). This indicates that, for some combinations of soluble pro-
teins and T cell clones, the B cells that are present in freshly isolated
spleen have little, if any, APC function.

At this time, then, the findings from different laboratories on the
capacity of small and large B cells to present soluble proteins differ a
good deal. In part, these differences reflect the use of surface Ig targeted
versus nonspecific antigens. In addition, the different findings may reflect
difficulties in defining the APC population in terms of small versus large
B cells, as well as the types of responding T cell. Different types of
responders may have different requirements in terms of the amount of
ligand or other sensitizing functions that are needed to induce a response.
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4. Antigen Presentation by Dendritic Cells

The fact that many antigens require intracellular processing prior to
presentation to T cells has, for many, called into question the role of
nonphagocytic dendritic cells. Dendritic cells are unusually potent in
several ¢n witro and in situ models of accessory function but yet have
no obvious capacity for internalizing many antigens. Sunshine et al. (1980)
reported presentation of the polymer GAT, as well as purified protein
derivative (PPD), by enriched spleen dendritic cells to primed lymph node
T cells. They noted that the mechanisms of antigen uptake and process-
ing were unknown. They considered the possibility that other APCs might
contaminate the responding T cell population, so that in a follow-up
study (Sunshine et al., 1983) T/T hybrids were used as responders. Again,
presentation of protein antigens by dendritic cells was detected. Kawai
et al. (1987) found that dendritic cells could present proteins to freshly
sensitized and memory T cells, and more effectively than other APCs.
The requirement for spleen dendritic cells in T cell-dependent antibody
responses to hapten-carrier conjugates also has suggested presentation
by dendritic cells (Inaba et al., 1984; Inaba and Steinman, 1987a).

None of the above studies provides direct evidence that most dendritic
cells are internalizing and processing antigens. For example, the dendritic
cell populations may have contained a small fraction of actively process-
ing cells, or the antigen preparations under study may have contained
denatured or partially degraded material that does not require intracellular
processing. There also may have been very low but sufficient levels of
endocytosis to provide the necessary MHC-peptide complexes.

Recent studies of the presentation of myoglobin to two class II MHC-
restricted CD4* T cell clones may clarify the presenting function of
dendritic cells. Cultured spleen dendritic cells were essentially inactive
in presenting native myoglobin, although some presentation of peptide
was evident (Romani et al., 1989c). By analogy, cultured epidermal LCs,
which have surface and functional properties similar to those of spleen
dendritic cells (Schuler and Steinman, 1985; Inaba et al., 1986), could
not present myoglobin but could present peptides. The T cell-stimulatory
mechanisms of these dendritic cell populations were intact, as evident
by their strong accessory function in stimulating the MLR and responses
to polyclonal mitogens. However, the capacity to generate an effective
peptide ligand from protein was poor. These results indicated that the
antigen-presenting (myoglobin presentation to T cell clones) and sen-
sitizing functions (stimulation of resting T cells) of dendritic cells were
distinct (Romani et al., 1989c).
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Intriguingly, freshly isolated LCs presented native myoglobin to the
T cell clones (Romani et al., 1989c). Six thousand to twenty thousand
LCs were equal or more active than 500,000 spleen cells. These freshly
isolated LCs were weak accessory cells in several primary responses, i.e.,
the MLR, T cell-dependent antibody response, and polyclonal
mitogenesis (Schuler and Steinman, 1985; Inaba et al., 1986), but became
active after 1-3 days of culture with the cytokine GM-CSF, which is made
by many cells, including keratinocytes (Witmer-Pack et al., 1987; Heufler
et al., 1987). Together, the results suggest that dendritic cells in tissues
are quantitatively the most active at handling exogenous soluble pro-
teins. Under the influence of cytokines, the nonlymphoid dendritic cells
lose the capacity to process exogenous proteins but simultaneously gain
the sensitizing functions necessary to bind and stimulate T cells, especially
resting T cells. The failure of spleen dendritic cells to present myoglobin
to T cell clones represents the final stages in this developmental pathway,
when the cells have stopped processing but express all of the other func-
tions needed to sensitize T cells.

More recent experiments (manuscript in preparation) indicate that
some dendritic cells in fresh spleen suspensions do present myoglobin.
Much like cultured epidermal LCs, the spleen dendritic cells lose this
capacity after overnight culture, while maintaining potent accessory func-
tion in the assays sited above. Overnight culture is part of the routine
protocol for isolating dendritic cells (Steinman et al., 1979; Nussenzweig
and Steinman, 1980).

5. Studies in Situ

There is relatively little information comparing dendritic cells and
B lymphocytes for the capacity to present protein antigens to T cells
in situ. One report (Francotte and Urbain, 1985) provides evidence that
spleen dendritic cells, but not unfractionated spleen cells or macrophages,
actively present an Ig idiotype to induce an antiidiotypic response, but
the T cell-dependence and MHC restriction of this phenomenon were
not evaluated. There are other studies in which dendritic cells are much
more efficient than B cells in presenting cell-associated antigens, and
these will be discussed below (see Section IV,D).

A powerful approach would be to selectively deplete an animal of either
dendritic cells or B cells prior to immunization. This has been attempted
by treating mice from birth with anti-u antisera. The mice lack mature
peripheral B cells as well as serum Ig. Anti-u-suppressed mice show pro-
found defects in T cell immunity. Several reports establish that these
animals do not generate antigen-reactive T cells in lymph nodes, when
the nodes are primed with an injection of antigen plus adjuvant (Ron
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et al., 1981; Kurt-Jones et al., 1988; Janeway et al., 1987). Also, unprimed
lymph node cells from anti-u-suppressed mice show a reduced capacity
to present soluble protein antigens to T cell lines (Janeway et al., 1987).
On the other hand, some accessory function does persist. The lymph
node cells mount normal responses to T cell mitogens, which require
accessory cells, and antigen presentation by spleen or peritoneal cells
appears normal.

Two groups have reconstituted the deficiency of anti-u-suppressed mice
by the administration of enriched populations of splenic B cells (Ron
and Sprent, 1989; Kurt-Jones et al., 1988). Kurt-Jones et al. took an
elegant approach to try to demonstrate that the infused B cells were
independently acting as the APCs. Hapten (FITC)-specific B cells were
enriched from primed, parental strain mice by panning on plates coated
with FITC-modified gelatin. Parental strain (H-24 or H-22) B cells were
then injected into F1 anti-u-suppressed recipients, which were also
immunized with hapten-carrier conjugates. These investigators could
then ask whether sensitized F1 T cells were restricted to the MHC of
the injected B cells. In one situation the carrier-primed cells were
primarily restricted to the B cell MHC when tested for T cell prolifera-
tion #n vitro. This situation involved the use of B cells that were taken
from “memory” animals primed 4 months previously; no restriction was
observed if the B cells were taken 2 weeks after priming the B cell donor.

Given the fact that the reconsitution of anti-g-suppressed mice was
not consistently restricted to the MHC of the injected B cells, and that
very small numbers of mice were evaluated, the basis for the T cell
priming deficit in anti-u-suppressed mice is unclear. In other tests of
APC function #n situ to be described below, primary B cells have not
been active in inducing antibody responses, cytotoxic T lymphocyte
(CTL) development, or graft rejection in situ (see Sections IV,B and
D). The effects of anti-u treatment on dendritic cells have not been
documented. For example, priming to protein antigens may require
uptake by cells such as epidermal LCs, which have FcRs and might be
perturbed by the immune complexes that are present in mice treated
with anti-u. However, anti-y treatment is a demanding experimental pro-
tocol, so that the small numbers of mice that are available for study
make it difficult to evaluate dendritic cell function.

B. ALLoGENEIC MHC ProbpUCTS

The strong response to allogeneic MHC products which is observed
in higher vertebrates provides an opportunity to study antigen presen-
tation to primary T cells, and therefore the early stages of immunogenicity
in vitro (the primary MLR) and #n situ (graft rejection). The antigens
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presented by allogeneic MHC molecules are probably MHC-peptide com-
plexes. These are recognized as foreign because allogeneic MHC pro-
ducts bind a distinct, restricted set of peptides that is substantially
different from the set of peptides bound to self-MHC. Consistent with
this hypothesis is the extensive occurrence of T cell clones that see both
self-MHC plus peptide and allogeneic MHC (Ashwell et al., 1986), and
with a single clonotypic receptor (Malissen et al., 1988). The great abun-
dance of allogeneic MHC-peptide complexes that could be formed would
account for the large number of T cell clones that are activated in the
MLR (Wilson and Nowell, 1971).

1. Early Experiments on the Primary MLR

At first it was thought that B cells were the major stimulator cells
in the MLR. It was known that the MLR was blocked by antibodies
to class I MHC products (Fathman et al., 1974) and that B cells were
the principal cell type expressing class II MHC antigens. B cell lines,
such as EBV-transformed lines in humans and certain B cell lymphomas
in mice (Glimcher et al., 1982), were also potent MLR stimulators.

Once dendritic cells were recognized as a distinct class II MHC-bearing
cell type, a large number of laboratories reported that these cells are
potent MLR stimulators (Steinman and Witmer, 1978; Rollinghoff et al.,
1982; Green and Jotte, 1985; Mason et al., 1981; Pugh et al., 1983; Kuntz-
Crow and Kunkel, 1982; Naito et al., 1984; Knight et al., 1982; Klinkert
et al., 1982; Van Voorhis et al., 1983b). With highly enriched dendritic
cell preparations a dose of one dendritic cell per 30-100 allogeneic T
cells produced a maximal response. In contrast, dendritic cell-depleted
B cell populations from mouse and rat lymphoid organs, rat lymph,
and human blood were all weak or inactive as stimulators in the majority
of reports (Steinman and Witmer, 1978; Steinman et al., 1983b; Inaba
and Steinman, 1984; Pugh et al., 1983; Klinkert et al., 1982; Flechner
et al., 1988; Young and Steinman, 1988). The lack of MLR stimulation
was evident even when the B cells were not exposed to ionizing irradia-
tion or mitomycin C treatment (Inaba and Steinman, 1984).

Many of the early studies of MLR stimulation by B cells had used
populations prepared simply by T cell depletion, e.g., Thy-1~ mouse
spleen, or E rosette-negative human blood mononuclear cells. Dendritic
cells would be enriched in such preparations. The principal approaches
for removing dendritic cells are to pass cell suspensions over Sephadex
G10, which retards mouse spleen dendritic cells (Inaba et al., 1983b;
Inaba and Steinman, 1984), or to sediment the cells on dense Percoll,
which floats cultured but not fresh human blood dendritic cells (Young
and Steinman, 1988). These dendritic cell-depleted B cell populations
are nonstimulatory in the primary MLR.
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2. The Secondary MLR

The secondary MLR has different stimulatory requirements (Inaba and
Steinman, 1984). When primed T lymphoblasts are isolated from the
primary MLR and rechallenged with B cells, a strong secondary response
ensues. If the B cells are mitomycin C-treated or irradiated (900 rad of
137Cs), the T blasts proliferate and release IL-2. If the T blasts are
irradiated, the B cells proliferate and at least some begin to secrete antibody.
Since restimulation of CD47" blasts is class II MHC restricted, the obser-
vations indicate that small B cells express some alloantigen, but they are
only able to induce a secondary versus a primary MLR.

3. MLR Stimulation by B Lymphoblasts

Whereas activated T cells can interact in an MHC-restricted fashion
with small B cells, recent data indicate that B blasts activated with either
anti-Ig Sepharose or LPS can stimulate a primary MLR (Metlay et al.,
1989). By comparing the response to graded doses of stimulator cells,
the stimulating activity of B blasts is 3-10% of that of dendritic cells
in inducing DNA synthesis or lymphokine release. The lower potency
could mean that the B blasts are acting on a small subpopulation of
activated T cells or that B blasts are simply 3-10% as active in stimulating
the same T cells as dendritic cells.

Several lymphokines have been detected early in the primary MLR
that is induced by either dendritic cells or anti-Ig-induced B blasts: IL-2,
IL-4, and a B cell growth factor distinct from IL-4 (Puré et al., 1988).

Dendritic cells are capable of stimulating class I MHC-disparate CD8
cells in the apparent absence of CD4* helper cells. However, B blasts
have yet to be evaluated as stimulators of the CD8 MLR.

4. Langerhans Cells

Freshly isolated LCs have as much cell surface class II MHC as spleen
dendritic cells, but these LCs are only 3-10% as active as primary MLR
stimulators (Schuler and Steinman, 1985; Witmer-Pack et al., 1987).
In contrast, fresh LCs are powerful stimulators of sensitized T blasts
(Inaba et al., 1986). Once the LCs have been cultured for 2 days in
GM-CSF, they become even more active than spleen dendritic cells
(Witmer-Pack et al., 1987). A feature that changes in culture is that
the LCs become capable of binding the T cells by an antigen-independent
mechanism. This binding (see Section VI,C) may be a rate-limiting step
in the initiation of the MLR.

5. Rejection of MHC-Incompatible Grafts in Situ

These findings with the MLR have counterparts in situ. Lechler and
Batchelor (1982) studied a rat transplantation model in which recipients
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were tolerized to allogeneic kidneys. In the particular strain combina-
tion used, it was possible to transplant the accepted kidney into a fresh
MHC-incompatible recipient. The graft was accepted, presumably
because “passenger leukocytes” had been depleted. One could then
rechallenge, with different populations of allogeneic leukocytes bearing
the MHC of the accepted kidney. Dendritic cells in small numbers
(Knight et al., 1982) induced rejection, whereas much larger numbers
of B cells were inactive.

In the mouse Faustman et al. (1984) depleted dendritic cells from
mouse pancreatic islets with 33D1 anti-dendritic cell Mab and comple-
ment. They were able to transplant the islets across an MHC barrier.
Rejection occurred when the recipients were given an infusion of
allogeneic dendritic cells. Similar findings were made in a mouse thyroid
allograft model, i.e., treatment with 33D1 and complement permitted
transplantation across an MHC barrier (Iwai et al., 1989). Knight et al.
(1983) injected enriched populations of F1 leukocytes into parental reci-
pients and noted that dendritic cells were some 50 times more potent
than unfractionated spleen in stimulating popliteal lymph node
enlargement.

More work is needed on the mechanism of allograft immunity 7n situ.
The enhanced stimulatory activity of dendritic cells may be due to the
fact that dendritic cells home better to the T cell area and thereby gain
access to alloreactive T cells. More likely, since B cells do recirculate
through the T cell area (see Sections II,C and D), the B cell is less effi-
cient in binding or stimulating alloreactive T cells to initiate the rejec-
tion response in situ.

In summary, dendritic cells are strong stimulators of responses to
allogeneic MHC class I and class II determinants /n vitro and in situ,
whereas small B cells are weak or even inactive. There are instances in
which B cells actively present MHC determinants at least in vitro. One
is when the T cell is an activated T lymphoblast; the other is when the
B cell is activated following contact with anti-Ig Sepharose or LPS. There
may be several levels at which dendritic and B cells differ as stimulator
cells: the amounts and varieties of allogeneic MHC-peptide complexes,
the capacity to find and bind T cells, and the mechanism used to bind
or activate resting T cells. These will be discussed in Section VI.

C. Mls STIMULATION

Studies of the MLR were the first to address the distinct APC
requirements for activating antigen-specific, resting T cells. This has
helped to define dendritic cells as a subset of APCs which were capable
of presenting antigen to resting T cells. While the MHC remains the
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best-characterized antigen system for studying primary T cell activa-
tion, in the mouse there is an additional set of loci which leads to T cell
proliferative responses as strong, if not stronger, in vitro. These are known
as the minor lymphocyte-stimulating (Mls) antigens.

1. Mls Antigens

Current evidence indicates that the Mls system involves two separate
loci which are either expressed or not expressed in individual inbred strains
of mice. Thus, Mls? mice express only one stimulatory locus for T cells,
MIls¢ mice express the other, Mlsd mice express both, and MIs® mice
express neither (Abe and Hodes, 1988). Unlike the MHC, stimulation
in the MIs is largely unidirectional, i.e., Mls* strains such as a, ¢, and
d stimulate responses in Mls™ strains such as b (Janeway et al., 1988).

Despite this recent clarification in the genetics of Mls responses, the
molecular nature of Mls antigens remains largely obscure. Furthermore,
unlike responses to most conventional antigens, Mls responses are not
tightly MHC restricted (Molnar-Kimber and Sprent, 1980). However,
recognition of specific Mls antigens has recently been associated with
particular V3 TCR genes. This implies presentation of Mls antigens to
typical TCRs. When T cell hybridomas or clones express either Vj 8.1
(Kappler et al., 1988) or V3 6 (MacDonald et al., 1988), the T cells
preferentially respond to Mls? stimulators. These T cells, in some cases,
are highly MHC restricted and have classical reactivities to antigen plus
MHGC, but the presence of Mls obviates the need for specific antigen.
Similarly, Vg 3-expressing T cells are enriched for Mls¢ reactivity (Pullen
et al., 1988; Abe et al., 1988). Interestingly, the strains of mice which
express specific Mls antigens show a selective deletion of T cells which
express the corresponding Mls-reactive TCR elements (Pullen ef al., 1988;
Kappler et al., 1988). This observation has provided a powerful model
for self-tolerance mechanisms and has therefore intensified interest in
the question of which cells can present Mls antigens. The utilization
of conventional TCRs for Mls recognition, as well as inhibition of the
responses by anti-class I MHC Mabs, suggests that Mls antigens are
ultimately presented like conventional protein antigens, i.e., as processed
peptides associated with MHC molecules. If this proves to be the case,
then an analysis of the role of different APCs in stimulating Mls responses
may provide an additional system for studying responses of resting T
cells to antigen.

2. APC Requirements for Mls Responses

Because of the lack of serological reagents to identify Mls cell surface
antigens, measurements of Mls expression by different APCs have relied
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on proliferative responses by both primary T cells and T cell clones.
Such studies have reinforced the concept that, unlike MHC antigens,
Mls expression has a restricted tissue distribution. Primary Mls-
stimulatory function is enriched in B cell populations, compared to bulk
spleen cells (Ahmed et al., 1977; Webb et al., 1985). In the study by
Ahmed et al. depletion of the peripheral B cell pool by in vivo treat-
ment with anti-p dramatically reduced the capacity of spleen cells to
stimulate Mls responses without altering stimulation of allogeneic MHC
responses. Together, these results have argued that B cells may be the
major, if not only, stimulators of Mls responses in vitro.

In contrast, the capacity of dendritic cells to stimulate Mls responses
remains controversial. Both Sunshine et al. (1985) and Hamilos et al.
(1989) have reported Mls stimulation by enriched populations of den-
dritic cells in high doses. However, because of the very strong capacity
of B cells to stimulate Mls responses, particularly in primary systems,
there remains the possibility of B cell contamination in the dendritic
cell preparations. Activated B cells have a low buoyant density (Stein-
man et al., 1978) and can contaminate spleen dendritic cell prepara-
tions, which are routinely selected for their low density on bovine serum
albumin (Steinman et al., 1979; Nussenzweig and Steinman, 1980).

Two recent studies have demonstrated that the expression of stimulatory
Mls antigens may exclusively be limited to B cells, particularly activated
B cells (Webb et al., 1989; Metlay et al., 1989). Macrophages from a
variety of tissues, T cells, and, most significantly, highly enriched spleen
dendritic cells all failed to stimulate T cell responses to Mls. In con-
trast, low-density B cells, B cell lines, and B blasts were potent stimulators
of the appropriate Mls-reactive T cells. In agreement with the findings
of Ahmed et al. (1977), splenocytes from anti-u-suppressed mice failed
to stimulate Mls responses (Webb et al., 1989). In keeping with prior
observations using B cells as MLR stimulators (see Section IV, B), in wvitro
activated B blasts were at least 30 times more potent than were resting
B cells at stimulating primary Mls responses (Metlay et al., 1989). Indeed,
some of the primary Mis-stimulatory ability of fresh isolates of B cells
might be attributed to contaminating /n vvo activated B cells.

Some investigators have interpreted these results as suggesting that
Mis antigens encode for unique accessory molecules which may enhance
T cell responses to self-MHC molecules on B cells (Webb et al., 1989;
Janeway et al., 1983; Katz and Janeway, 1985). However, recent studies
have failed to demonstrate any enhanced APC function of Mis*- as
compared to Mls™-derived APCs (Needleman et al., 1988).

Although B blasts are reproducibly less potent than are dendritic cells
at stimulating primary T cells to respond to allogeneic class II MHC,
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they are dramatically more potent than are dendritic cells at stimulating
the same bulk population of resting T cells to respond to Mls antigens.
Therefore, one of the key determinants of relative stimulatory ability
in a bulk MLR may reside in the capacity of the dendritic cell or the
B blast to obtain the appropriate stimulatory peptides. The findings
with Mls indicate that B blasts are able to bind primary T cells and
elaborate necessary costimulatory functions for activating these cells
in vitro (Metlay et al., 1989).

3. Studies in Situ

Unlike allogeneic MHC antigens, Mls antigens fail to stimulate graft
rejection in vzvo. When either heart or skin is grafted across Mls bar-
riers, there is no increase in rejection rates as compared to those in
matched controls (Sachs et al., 1973; Huber et al., 1978). In retrospect,
the possibility that Mls antigens are exclusively expressed on B cells readily
explains the failure to find accelerated rejection rates for grafts which
are essentially devoid of B cells. On the other hand, the measurements
of mortality in lethal graft-versus-host reactions also failed to demonstrate
a clear-cut role for Mls antigens, even though B cells should be accessi-
ble in the lymphoid organs of the graft recipients. In the study by Nisbet
and Edwards (1973), F; backcross mice were typed at the Mls by 7n witro
stimulation assays and lethal graft-versus-host disease was followed in
parabiosed pairs. Both Mls-compatible and -incompatible pairs showed
similar survival rates. Similarly, Korngold and Sprent (1978) found only
minimal evidence for graft-versus-host disease with non-T cell-depleted
marrow transplants into irradiated, Mls-incompatible recipients. The
lack of any #n vivo correlate to the powerful in vitro stimulatory capacity
of Mls-incompatible B cells suggests that there are additional limita-
tions on B cell APC function in vvo.

D. VIRAL AND MINOR HISTOCOMPATIBILITY ANTIGENS

In this section we consider a group of papers which indicate that den-
dritic cells induce CTL responses to simple chemical haptens, minor
histocompatibility antigens, and several types of virus. When studied,
B cells have been found to be weak or inactive.

1. TNP-modified Syngeneic Cells

One of the first systems in which the accessory function of spleen den-
dritic cells was studied was the development of CTLs to TNP-modified,
high-responder (H-2Kk) cells (Nussenzweig et al., 1980). The design of
the experiments was to use highly enriched T cells both as responders
and as the source of TNP-modified stimulators. When spleen dendritic
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cells were added in small numbers, hapten-specific CTLs developed.
Ia* macrophages were not active in this assay, and unfractionated
spleen cells (60-70% B cells) were weak.

It is possible that the dendritic cells were processing the TNP-modified
T cells in these experiments, but in subsequent studies (M. C. Nussenzweig
and R. M. Steinman, unpublished observations), antigen-pulsed dendritic
cells were inactive as APCs. This suggests that the presence of dendritic cells,
and the associated induction of lymphokines in the syngeneic MLR (Inaba
et al., 1983a) somehow amplifed CTL development to antigens presented
on other TNP-modified cells, which in these experiments were T cells.

2. H-Y Antigens

Boog et al. (1985) reported the abolition of an immune response defect
in bml2 mice by injecting antigen on dendritic cells. The bml2 muta-
tion in the class II I-AP gene reduces presentation of the HY male
transplantation antigen to CD4* helper T cells. Female bml2 mice
could be primed with male bml2 dendritic cells such that they could
reject grafts of male skin #n situ and form CTLs to male targets upon
restimulation ¢n vitro. The killer cells were CD8% but required help
from CD4* cells. As few as 10* dendritic cells could prime the animal,
while 107 LPS-induced B blasts or unfractionated spleen cells were
inactive.

In a subsequent series of studies, Boog et al. (1988b) obtained evidence
that dendritic cells also could overcome the defect that bml4 mice exhibit
in presenting HY antigens on class I MHC (DY) to CD8* CTLs. Den-
dritic cells (2 X 105) or normal spleen cells (107) could prime mice in situ
to HY, but only dendritic cells could boost the primed cells in vitro.
However, the defect in another DP mutant, bml3, could not be abolished
with dendritic cells. Another intriguing feature of presentation by den-
dritic cells was that CD8* T cells could be restimulated in the absence
of CD4" helpers (Boog et al., 1988a,b), as in the experiments cited
above in the primary allogeneic MLR (Inaba et al., 1987).

3. Viral Antigens

Kast et al. (1988) were able to induce CTL responses in wild-type
H-2® mice to Sendai and Moloney leukemia viruses, using small
numbers of dendritic cells as APCs in vitro. In the case of the bml4 class I
MHC mutant, which does not generate a CTL response to Moloney
leukemia virus, dendritic cells could overcome the defect. When den-
dritic cells were compared to LPS-induced B blasts, the former were
approximately 30- to 50-fold more active. Dendritic cells could not over-
come the defect in bm13 class | MHC molecules to present Sendai virus.
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It was concluded that some antigen presentation of Moloney leukemia
virus was occurring in bml4 and that the amount of these Moloney
leukemia virus-bml4 complexes was either greater or more effective using
dendritic cells as APCs. In contrast, too few Sendai virus-bml3 com-
plexes were formed to generate a CTL response, even in the presence
of dendritic cells.

Macatonia et al. (1989) have studied the CTL response to influenza
antigens. They were able to induce primary responses by using a Terasaki
microculture system in which the accessory dendritic cells and respond-
ing T cells were maintained in a hanging drop close to an air interface.
CTLs would develop when either intact virus or a dominant nucleo-
protein peptide was used as antigen.

The diversity of antiviral responses that seem to be enhanced by den-
dritic cells raises some interesting questions for future work. Will the
APC function be even more effective if tissue versus spleen dendritic
cells are studied? Is the antigen being presented following processing
in an endocytic or cytoplasmic compartment? Can virus in association
with dendritic cells induce protective CD8* T cell-mediated immunity
in situ?

V. APC Requirements during T Cell-Dependent Antibody Responses

A. THE NEED FOR B CELL-T CELL COLLABORATION

The first evidence for an obligate cooperation of B and T cells was
provided by Claman and co-workers (1966). They showed that an
antibody response to sheep red blood cells (SRBCs) by lethally irradiated
mice could be reconstituted by the adoptive transfer of thymus- and bone
marrow-derived cells but not by either cell type alone. Davies et al. (1967)
tested the capacity of cells of thymus and bone marrow origin, taken
from radiation chimeras, to produce antibody during secondary anti-
SRBC responses in vivo. Bone marrow-derived cells formed a limited
amount of antibody, but thymus-derived cells were inactive. The greatest
response was found when both cell populations were stimulated. Miller
and Mitchell (1968; Mitchell and Miller, 1968) then proved that B cells
were the precursors to the antibody-producing cells, while T cells did
not produce antibodies but provided help to the B cells.

Two observations indicated that B cell-T cell cooperation required
direct cell contact. The first was the hapten-carrier effect, in which deter-
minants, to be recognized by B cells, had to be linked to carrier deter-
minants seen by T cells. Mitchison (1971) showed that different cell
populations responded to the carrier and hapten, and that these two
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determinants had to be physically associated. He concluded that the
two interacting cells must engage in a close physical association. Raff
(1970) used anti-Thy-1 and complement treatment to prove that the
carrier-specific cells were T cells and that Thy-1~ B cells recognized
the hapten. Together, this information was interpreted to mean the
antigen, here the linked hapten and carrier determinants, provided a
bridge between the B and T cells.

It was then shown that B cell-T cell cooperation required MHC
histocompatibility between the two cells. Katz et al. (1973) reconstituted
the antibody response to hapten-carrier conjugates in irradiated F; reci-
pients with separate inocula of carrier-primed, irradiated T cells and
hapten-primed, nonirradiated B cells. To produce antibody, the B and
T cells had to be MHC compatible, i.e., from the same parental strain,
or T cells from one of the parental strains and F; B cells. The basis for
cooperation between syngeneic, but not allogeneic, cells was postulated
to be the engagement of cellular interaction molecules on the surfaces
of the B and T cells. In a series of genetic mapping experiments the
restriction elements mapped to the class II or immune response regions
of the MHC (Katz et al., 1975). In a second set of experiments on the
MHC restriction of B cell-T cell cooperation, Sprent and von Boehmer
(1976) obviated the potential for alloreactivity by filtering T cells from
strain A through (A X B)F; recipients. They found that the filtered
T cells could only cooperate with B cells that were matched in the K
and I regions of the MHC. Following additional experiments (von
Boehmer et al., 1975), it was proposed that Ty cells expressed recep-
tors for self-MHC determinants expressed on B cells. The concept of
self-recognition was firmly established by a series of subsequent
experiments by Sprent (1978) and Swierkosz et al. (1978). (A X B)F,
helper T cells were positively selected by priming on parental strain APCs
in vivo or on accessory cells in vitro. In either case the T cells would
cooperate best with B cells that were MHC identical to the APCs used
to prime the T cells.

Marrack and Kappler (1978) then studied the antibody response to
the synthetic polypeptide TGAL, known to be under control of immune
response or class I MHC genes. They found that both B cells and APCs
had to be from high-responder mice in order to elicit help from F,
T cells.

In the context of our current knowledge of T cell recognition of
antigen, one can interpret the above observations to mean that antigen-
specific B cells process and present carrier peptides to T cells in associa-
tion with B cell class I MHC molecules. This also accounts for the facts
that immune response genes or Ia antigens are expressed on B cells and
that B cell-T cell help is MHC restricted.
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B. THE RoLE oF DENDRITIC CELLS IN HELPER T CELL PRIMING

The development of zn vitro culture conditions for generating antibody
responses in suspensions of mouse spleen cells led to the recognition of
a third, adherent cell requirement for optimal T cell-dependent antibody
responses. It was found that the APC-Ty cell interaction was MHC
restricted (Singer et al., 1979). In separate experiments aimed at iden-
tifying the active adherent cell, dendritic cells were discovered and found
to be essential for both primary and secondary responses (Inaba et al.,
1983b, 1984). Dendritic cells were required for the initial priming of
T cells, which could then help antigen-specific B cells to differentiate
into antibody-secreting cells. The latter could occur in the apparent
absence of dendritic cells in an antigen-specific, MHC-restricted fashion
(Inaba et al., 1984; Inaba and Steinman, 1985).

The initial T cell priming event occurred in prominent dendritic cell-
T cell clusters (Inaba et al., 1984; Inaba and Steinman, 1987a). These
clusters formed independently of B cells, but when the latter were added,
the B cells entered the clusters in an antigen-dependent, MHC-restricted
fashion. The clusters were the source of the subsequent antibody-
producing cells, as assessed by a plaque assay. When T cells were removed
from the clusters at day 1 or 2 of the primary antibody response, the
remaining B cells would give rise to antibody-producing cells if sup-
plemented with antigen-nonspecific lymphokines. These factors would
help antibody responses to both RBCs and hapten-carrier conjugates,
but they could be produced when dendritic cells and T cells were cultured
together in the absence of antigen. During such cultures a syngeneic
MLR is generated (Nussenzweig and Steinman, 1980) and the clusters
of dendritic and T cells release helper factors (Granelli-Piperno et al.,
1984).

C. HeLrEr T CELL SUBSETS

The quality of an antibody response is regulated, at least in part, by
the types of lymphokines that are produced by the helper cell. Distinct
subsets of CD4* T cells mediate graft-versus-host disease and antibody
responses in rats (Spickett et al., 1983; Streuli et al., 1987) and account
for helper-inducer versus suppressor-inducer activity in humans. Long-
term murine CD4 7 helper T cell clones can also be subsetted based on
the lymphokines they produce; Tyl clones make IL-2 and IFN-vy, while
Ty2 clones make IL-4 and IL-5 (Cherwinski et al., 1987). These func-
tional subsets of helper cells can be distinguished on the basis of their
CD45R phenotype: OX22 in rats, 2H4 in humans, and 23G2 in mice,
the latter being more abundant on T2 clones (Birkeland et al., 1988).

These functional subsets arise as the result of antigen-induced



84 JOSHUA P. METLAY ET AL.

differentiation of CD4 ™ cells /n vitro (Morimoto et al., 1985; Rudd
et al., 1987; Clement et al., 1988) and ¢n situ. The latter data from Powrie
and Mason (1989) show that OX22~ helper T cells in the rat differen-
tiate from OX22*, CD4* T cells, indicating that the two functional
subsets arise from a common pool of CD45R™*, CD4* T cells.
Hayakawa and Hardy (1988) also found that cells with the Ty2
phenotype are part of the memory response. They have categorized
murine CD4* cells using two monoclonal anti-T cell autoantibodies,
SM3GI11 and SM6CI10. The 3G11 -, 6C10* and 3Gl11t, 6C10~ popula-
tions exhibit distinct functions. The former secretes IL-4 but not IL-2
when activated by concanavalin A (Con A) and includes memory T cells
responsible for secondary antibody formation. In contrast, the other
population (3G11t, 6C10~) secretes IL-2 but not IL-4 in response to
Con A and does not contribute to the secondary antibody response.

A key finding in the study by Hayakawa and Hardy (1988) was that
these two populations of CD4%t T cells also exhibited differential
accessory cell dependence. 6C10* cells responded when either B cells
or non-B cells were used as accessory cells for Con A-induced activa-
tion, whereas 3G11* T cells required a non-B accessory cell that has
yet to be defined. Many of the CD4™ cells expressed both 3Gl1 and 6C10
determinants and were not distinguishable with regard to lymphokine
secretion, accessory cell requirement, or memory T cell activity. The
3GI1l-, 6C10~ fraction was unresponsive in any of these assays.

In the MLR, however, both dendritic cells and B blasts induced the
release of lymphokines from freshly isolated T cells and #n vitro primed
T lymphoblasts (Metlay et al., 1989). IL-2 secretion was more rapid in
the secondary MLR, but comparable levels were observed at the T cell
doses used. IL-4 release was more rapid and reached tenfold higher levels
in the secondary MLR. A B cell growth factor that is active on anti-Ig-
preactivated B blasts reached comparable levels in the primary and secon-
dary MLRs. In contrast to the anti-Ig blasts, resting B cells did not induce
lympokine production in the primary MLR.

In summary, both B cells and dendritic cells can stimulate the pro-
duction of different lymphokines. More work is needed to determine
how helper subsets arise, and whether the type of APC influences the
generation or stimulation of each subset.

D. B CeLLs vERSUS NON-B CELLS FOR ANTIBODY RESPONSES zn Situ

The nature of the APCs required 7n vivo has been addressed using
the anti-p-suppressed or B cell-depleted mice discussed above (see Section
IV,A). We have already reviewed the finding that when these mice are
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primed with antigen plus adjuvant, there are few T cells generated in
the draining lymph node that can proliferate in response to antigenic
rechallenge ¢n witro. Additional experiments using this model have been
done to determine whether helper T cells for antibody responses can
be primed in these mice.

Spleen cells from antigen-primed (KLH or fowl y-globulin), anti-u-
suppressed animals have helper cell function, indicating that a non-B
cell can sensitize helper T cells (Ron and Sprent, 1989). Primed helper
T cells could also be detected in anti-u-suppressed nodes when a more
sensitive helper T cell assay involving adoptive transfer and antigen chal-
lenge in vivo was utilized. Ron and Sprent (1989) have suggested that
in both the spleen and the lymph node a non-B cell is sufficient for T cell
sensitization, but that in the latter, B cells may contribute significantly
to the clonal expansion and function of sensitized T cells.

Lassila et al. (1988) have obtained evidence that B cells are not the
initial APCs for antibody formation #n vivo in chickens. They depleted
B cells from neonatal chickens with cyclophosphamide and reconstituted
with bursal cells from MHC-matched or -mismatched donors. In
chimeras in which the host and donor strains differed at all known
chicken MHC loci, T cell-dependent antibody responses could not be
induced. These data could be explained either by the failure to prime
T cells in the absence of donor-type accessory cells, or the inability of
primed T cells to collaborate with the donor B cells. To distinguish
between these two possibilities, donor-type accessory cells (histocompati-
ble with the B cells) were transferred into the chimeras. Now antigenic
challenge induced IgM and IgG responses and the formation of ger-
minal centers. Since an allogeneic effect was essentially ruled out in these
experiments (by the absence of an antibody response in the original
chimeras), it seems likely that donor-type accessory cells were required
to prime T cells that could interact with donor B cells in an MHC-
restricted fashion. This would support an essential role for a non-B APC
as the initial APC for priming the T cell, and it must share the class II
MHC of the B cell that is to interact with the helper T cell. The iden-
tity of the critical cell(s) in the chicken system is unknown.

In summary, the evidence from #n vitro experiments indicates that
the initial sensitization of T helper cells requires non-B accessory cells,
identified as dendritic cells, which first prime helper T cells for subse-
quent interactions with B cells. The initial APC must be class II MHC
histocompatible with the responding B cell. Additional experiments are
required to determine whether activated B cells also prime helper T cells
for antibody responses to nominal antigens. In vivo, there are experiments
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which indicate that small B cells do not prime helper T cells during
a primary response, but there are no definitive experiments to distinguish
the role of dendritic cells, macrophages, and activated B cells. The small
B cell could also operate in vivo to expand responses that are initiated
by other APCs.

E. MEMoORY AND GERMINAL CENTER B CELLs As APCs

T cell-dependent antibody responses are accompanied by the forma-
tion of germinal centers within the B cell follicles. The germinal centers
contain rapidly dividing (Fleidner et al., 1964), antigen-specific (Sordat
et al., 1970) B lymphoblasts. Other cellular elements found in the ger-
minal center are macrophages, follicular dendritic cells, and a few T
lymphocytes. Tew and co-workers (Kosco et al., 1988) obtained evidence
that germinal center B blasts carry antigen, presumably acquired initially
from the depots of immune complexes on the follicular dendritic cells
shortly after secondary immunization (Nossal et al., 1968; Chen et al.,
1978b). The germinal center cells were enriched by flotation on dense
Percoll gradients, followed by sorting and/or panning for reactivity to
peanut agglutinin, a marker for germinal center B cells. The sorted blasts
contained the majority of the recovered antigen, as assessed by using
radiolabeled ovalbumin for immunization The sorted blasts also were
used to present antigen to ovalbumin-specific T cell hybridomas. At days
1-8 postimmunization the B blasts could induce IL-2 release without
the need for additional antigen. At later times, i.e., 3 weeks, germinal
center cells would present antigen but only with exogenous ovalbumin
(Kosco et al., 1988). These results are consistent with the possibility that
germinal center B cells can serve as antigen-presenting cells for T cells.

Long-term antigen-specific memory B cells obtained at least 3 months
after immunization have been studied by Hayakawa et al. (1987). They
used the fluorescent protein phycoerythrin both as the immunizing
antigen and as a probe to isolate purified, antigen-binding memory
B cells, using multiparameter cell sorting. The memory B cells were
B220+ (IgM~, IgD™). As few as 500 of the phycoerythrin-binding
memory B cells produced strong IgG antiphycoerythrin responses when cul-
tured with CD4 ™" helper T cells from primed mice. The memory B cells
therefore served as the APCs in these cultures. Similar results were obtained
with TNP-KLH as the antigen, i.e., with TNP-specific memory B cells
and KLH-primed T cells. For both systems low doses of antigen were
required. Since the B and T cells used in these experiments were obtained
from mice primed at least 3 months earlier, these results demonstrate
that a secondary antibody response can be initiated by the presentation
of antigen by specific memory B cells to specific T cells.
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VI. Discussion—Four Components of APC Function

In Sections IV and V we summarized some of the similarities and
differences in the capacity of dendritic cells and B cells to stimulate T cell
responses to different groups of antigens. Here, we consider the mecha-
nism of action of these two types of APCs in tissue culture and in situ
models. We dissect APC function into four steps, of which antigen pro-
cessing and presentation, i.e., the formation of an MHC-peptide complex
to act as the ligand for the TCR, is one. The additional steps we con-
sider are the capacities of APCs to acquire antigens n situ, to find and
bind antigen-specific T cells #n vitro and in situ, and to induce growth
and lymphokine production by T cells that have been bound.

A. ANTIGEN PROCESSING AND PRESENTATION

1. Endocytosis and Formation of MHC-Peptide Complexes

Given the identification of a peptide-binding groove on the external
surface of the MHC molecule and the capacity of small peptides to
substitute for most native antigens in stimulating T cells (see Section
IV,A), it is evident that the clonotypic receptor (TCR) for antigen is
interacting with an MHC-peptide complex on the APCs. Models depict-
ing this interaction are available (Davis and Bjorkman, 1988).

Peptides and MHC-peptide complexes can be generated by proteases
acting extracellularly, since peptides or proteolytic digests of an antigen
can be presented by aldehyde-fixed APCs to T/T hybrids (Shimonkevitz
et al., 1983, 1984). Extracellular digestion might occur in an acute
inflamrmatory site, where a large number of dying white blood cells that
are rich in proteases are found. However, it seems likely that many critical
peptides are generated within the cell, either from within endocytic
vesicles or from the cytoplasm. This presentation of peptides from within
APCs allows the T lymphocyte to recognize targets that are parasitized
with an infectious agent, such as a bacterium within an endocytic vacuole,
or a virus within the cytoplasm.

The endocytic pathway is one way in which antigens can be processed
to form MHC-peptide complexes, particularly for class II MHC pro-
ducts. Processing has been difficult to demonstrate directly, but it has
been inferred from several observations made for many antigens.
Aldehyde-fixed cells do not present most antigens, but fixed cells can
present peptide fragments, particularly to T/T hybridomas (Unanue,
1984; Livingstone and Fathman, 1987; Berzofsky, 1988; Rothbard, 1986).
This observation proves that live cells are needed to present intact pro-
teins but does not pinpoint the required function in the live cell.
Lysosomotropic agents such as chloroquine block presentation (Unanue,
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1984; Ziegler and Unanue, 1982; Chesnut et al., 1982b), although not
for all large molecules (Allen and Unanue, 1984; Lee et al., 1988; Buus
and Werdelin, 1986b). Since lysosomal hydrolases have an acid pH
optimum, the increase in intravacuolar pH that is induced with chloro-
quine (Wibo and Poole, 1974) should block proteolysis and processing.
When chloroquine does not block, as occurs with antigens such as
fibrinogen (Lee et al., 1988) and angiotensin (Buus and Werdelin, 1986b),
it is assumed that the protein is denatured or unfolded to an extent that
permits binding to the MHC molecule and accessibility to the TCR.
It is not yet established whether chloroquine only acts at the level of
processing, particularly since other lysosomotropic drugs, such as
ammonium chloride, may not block presentation (Jensen, 1988). Chloro-
quine, at least in B cell lines, also alters the association of invariant chains
with class II MHC molecules (Nowell and Quaranta, 1985), a step which
has recently been implicated in presentation (Stockinger et al., 1989).

Endocytosis could play many roles during antigen presentation. The
vacuolar system can provide proteases to cleave proteins into peptides
which associate with class II MHC (Buus and Werdelin, 1986a). If a
large polypeptide fragment is the first to bind, the proteases may trim
it so that T cells can gain access to the MHC-peptide complex. The
low pH of the endocytic pathway may influence peptide-class II MHC
binding, but this has yet to be demonstrated. Another possibility, before
now given little attention, is that the endocytic pathway can intersect
with the secretory pathway, possibly in “late endosomes” (Geuze et al.,
1988). This would allow access of endocytosed antigens and peptides
to newly synthesized, perhaps “unoccupied,” MHC molecules. It is note-
worthy that the times when both dendritic cells and B cells are best able
to acquire antigens for presentation are those when new class II MHC
molecules are being synthesized (see Section III,A). Jensen (1988) and
Harding and Unanue (1989) recently reported that cycloheximide blocks
presentation but not endocytosis of proteins by peritoneal exudate cells.
The cycloheximide-sensitive step may be the synthesis of class II MHC
products.

There is still no means for identifying specific MHC-peptide com-
plexes (presented antigen) on living APCs, nor for measuring their half-
lives once formed. Conceivably, it will be possible to identify these com-
plexes once TCRs for the antigen-MHC complex are solubilized and
available as ligands. Once MHC-peptide complexes form intracellularly,
it is assumed that they gain access to the cell surface by the recycling
of internalized membrane that characteristically occurs from endocytic
vacuoles (Steinman et al., 1983a).
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In summary, while a general view for antigen processing and presen-
tation is available, there are few specific and direct approaches for
monitoring these events. The ensuing analysis of presentation by B cells
and dendritic cells therefore must be considered preliminary, and it is
for this reason that it is included in a discussion section.

2. Endocytosis and Presentation by B Cells

Neither dendritic cells nor B cells are particularly active in taking
up the bulk tracers that are used to detect endocytosis in macrophages
or in many cell lines. A soluble protein tracer such as horseradish perox-
idase is internalized in large amounts by macrophages (Steinman and
Cohn, 1972), to a lesser extent by cultured fibroblasts (Steinman et al.,
1974a), and only at trace levels in some dendritic cells (Steinman and
Cohn, 1974; Steinman et al., 1974b) and B lymphoblasts (J. P. Metlay
and R. M. Steinman, unpublished observations). At a first glance, then,
the study of antigen presentation in these APCs might seem misplaced,
but the opposite view could be argued. The bulk of an internalized load
in an actively endocytic cell such as the macrophage may be digested
down to the level of amino acids (Steinman and Cohn, 1972), since these
cells are specialized for scavenging and microbicidal activity. In con-
trast, dendritic cells and B cells, because they show so little bulk endocytic
activity, seem to utilize endocytosis primarily as a presentation mecha-
nism and accordingly may prove useful for identifying physiological
pathways for the formation of antigen-MHC complexes.

B cells likely use receptor-mediated uptake to endocytose antigens that
have been bound to surface Ig molecules. Antibodies directed to surface
Ig can be pinocytosed (Taylor et al., 1971; Unanue et al., 1972), but
as yet there is little information on the fate of antigens bound to surface
Ig. As pointed out by several workers, surface Ig-mediated antigen uptake
would enable the specific B cell that binds an antigen to internalize and
present fragments (carrier determinants) which in turn attract MHC-
restricted helper T cells (Lanzavecchia, 1985; Tony et al., 1985; Rock
et al., 1984; Chesnut and Grey, 1981).

Interestingly, Fab fragments of anti-class I MHC antibodies also
are efficiently presented (Tony et al., 1985). These ligands may not
stimulate uptake, as is thought to be the case with intact anti-Ig reagents,
but may enter “piggyback” fashion on B cells that are forming endocytic
vesicles for other reasons. The B cells may have been stimulated by
antigen ¢n situ prior to isolation or by contaminating LPS zn witro. B cells
may also undergo a low level of constitutive pinocytosis to obtain nutrients
such as low-density lipoproteins, transferrin, and vitamins that bind to
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specific cell surface receptors (Steinman et al., 1983a). This delivery func-
tion would be expected to to be enhanced when the B cell is stimulated
to grow.

Likewise, formation of an endocytic vesicle during Ig receptor-
mediated antigen uptake would also lead to at least some internaliza-
tion of antigen-nonspecific substrates in the fluid phase. However, there
is still little information on many physiological aspects: Do B cells that
are stimulated by antigen process immunostimulatory amounts of
exogenous, nonspecific proteins, as B cell lines and LPS blasts seem
capable of doing (see Section IV,A), and can these B cells present such
antigens to primary populations of T cells rather than to T cell lines?

Of some interest is whether the surface Ig molecules themselves are
degraded and presented by B cells. When antibody molecules are bound
to particles and fed to macrophages, the Ig is rapidly catabolized
(Mellman et al., 1983). Given the diverse world of peptide sequences
that are inherent in the V domains of surface Ig molecules, Lassila et al.
have reasoned that presentation of these molecules would, by cross-reacting
with the world of exogenous antigens, essentially tolerize the immune
system. There would be few antigen-reactive T cells which would escape
tolerization to all of the variable sequences that B cells express (Lassila
et al., 1988). This idea and others (see Section VII,B) would argue against
a role for constitutive antigen-presenting activity in B cells. For the time
being, however, it is clear that one B cell line, A20, can present its idiotope
(Weiss and Bogen, 1989).

Another feature of primary B cells, including B cells in the germinal
center (Reichert et al., 1982) is that the levels of surface IgD decrease follow-
ing activation to B blasts. The significance of this decrease is unknown,
but it may regulate the capacity to handle antigens via surface Ig.

3. Endocytosis and Presentation by Dendritic Cells

Freshly isolated LCs have been shown to internalize small amounts
of peroxidase in situ (Wolff and Schreiner, 1970) as well as some adsorbed
tracers (Hanau et al., 1987a; Takigawa et al., 1985; Ishii et al., 1984).
Birbeck granules have been implicated in the endocytic pathway (Hanau
et al., 1987b; Takigawa et al., 1985; Scheynius et al., 1982; Ishii et al.,
1984; Ray et al., 1989). However, the absolute levels of endocytosis are
low relative to cells that are considered to be “nonprofessional”
(keratinocytes) and “professional” (macrophages) in their relative
endocytic activity. Interestingly, freshly isolated LCs present protein
antigens well (Romani et al., 1989c). Activated or cultured epidermal
LCs do not show detectable endocytosis (Schuler and Steinman, 1985)
and do not present native myoglobin (Romani et al., 1989c).
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These findings suggest that antigen presentation by dendritic cells can
be regulated at the level of endocytic activity. Further studies are required
in which fresh and cultured LCs are used to present antigens to primary
populations rather than to long-term T cell clones and to present antigens
other than soluble proteins, e.g., particulates.

Another possibility is that APCs process antigens and release peptides
which are then presented on dendritic cell MHC molecules. As yet, this
phenomenon has not been demonstrated. Although cultured epider-
mal LCs present peptides, these peptides cannot be generated by Ia~
epidermal cells (Romani et al., 1989c). In ongoing experiments, we have
not detected immunostimulatory levels of peptide regurgitation by
macrophages either (R. M. Steinman et al., unpublished observations).
The cultured epidermal LCs may prove to be a particularly useful
biological system to look for transfer of peptides, since these APCs have
potent sensitizing functions for T cells but only handle peptides rather
than native proteins.

The notion that the endocytic activity of epidermal LCs is regulated
for the purposes of antigen presentation extends to other populations
of dendritic cells. Veiled cells in afferent lymph do not internalize a variety
of substrates when challenged (Pugh et al., 1983; Fossum, 1984). However,
these lymph dendritic cells frequently contain what appear to be
endocytic inclusions, suggesting that there may have been some endocytic
activity while in the tissues prior to entry into the lymph. Spleen den-
dritic cells do not internalize a number of substrates when challenged
in culture, but small amounts of endocytosed material are evident if mice
are given colloidal carbon or soluble peroxidase intravenously just prior
to isolation of the dendritic cells (Steinman and Cohn, 1974; Steinman
et al., 1974b). We have found recently that spleen dendritic cells do
present myoglobin when tested immediately after isolation, but they lose
this capacity during overnight culture (Steinman et al., 1989). Inter-
digitating cells do not internalize injected colloids or immune complexes
in situ (Fossum et al., 1980) but may be able to phagocytose lymphocytes.
Electron-microscopic evidence for phagocytosis has been obtained in a
situation in which there is considerable death of lymphocytes, the
clearance of an inoculum of allogeneic lymphocytes (Fossum and Rolstad,
1986).

Therefore, it is likely that endocytosis by dendritic cells can occur,
but this may be relegated to certain stages of the cell’s life history and/or
to particular ligands such as damaged lymphocytes. More work is required
to document the range of antigens that can be presented by dendritic
cells, particularly dendritic cells in tissues where antigens gain entry into
the body.
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4. Biochemistry of MHC Products on Dendritic and B Cells

Potential biochemical differences in the MHC products that are
expressed on dendritic cells and B cells require exploration. Boog et al.
(1988¢) noted that both class I and class I MHC products, when immuno-
precipitated from radioiodinated cells and resolved on two-dimensional
gels, were less negatively charged on dendritic cells relative to LPS-induced
B blasts. Treatment with neuraminidase further reduced the negative
charge on MHC products of both B cells and dendritic cells. The basis
for the reduced sialylation of dendritic cell MHC molecules is not known,
nor is it evident whether it involves all surface glycoproteins or just MHC
products. One wonders whether reduced sialylation is due to the activity
of sialidases encoded in the neuraminidase locus (Klein, 1986) of the MHC.

Cowing and colleagues (Cowing and Chapdelaine, 1983; Frohman and
Cowing, 1985) have found that treatment of B cells with neuraminidase
enhances their APC function. Boog et al. (1989) have made similar
observations in a system in which spleen cells were used to stimulate CTL
responses in enriched populations of CD8* T cells. Neuraminidase
treatment does not enhance presentation by dendritic cells, however
(Boog et al., 1989; Hirayama et al., 1988). Boog et al. propose that
dendritic cell MHC products are less heavily sialylated and that sialic
acid residues on B blasts and other cells may hinder access of the TCR
to MHC-peptide complexes (Boog et al., 1989). This suggestion stems
from the increased immunolabeling of B cell MHC molecules when anti-
MHC antibodies are applied to neuraminidase-treated cells.

Another unknown is the amount of ligand that is needed to stimulate
a T cell in the presence of different APCs. So-called costimulatory signals
could enhance the efficacy of a small amount of ligand. Recent data
suggest that very little ligand on a dendritic cell is stimulatory and that
any one dendritic cell simultaneously can stimulate many T cell clones
(Romani et al., 1989a). The model involves anti-CD3 stimulation by
cultured epidermal LCs. These cells have small numbers of FcyRII, which
are essential for APC function in anti-CD3 responses (Smith et al., 1986).
It was estimated that only 250 ligands on the LCs (FcR occupied with
anti-CD3) were needed to drive a T cell into cycle. In contrast, B lympho-
blasts have much higher levels of FcR (ten- to 20-fold) but are one tenth
as active in inducing DNA synthesis in the presence of anti-CD3 (Romani
et al., 1989a). What then is known about the costimulatory features of
dendritic cells and B cells? The information falls into three areas.

B. INTERACTION OF APCs AND T CELLS n Situ

1. Antigen Capture outside the T Cell Areas of Lymphoid Organs

Where are antigens captured in situ and where do the APCs and
T cells interact? Sensitized T cells are most easily identified in lymphoid
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tissues that drain an antigen depot (Scothorne and McGregor, 1955;
Mitchison, 1955), particularly the T cell area (Ford et al., 1975). However,
it is difficult to demonstrate antigen in the T cell area. A good example
is the study by Fossum (1980), who injected ferritin and colloidal gold
into the footpad and observed the tracers in macrophages and on
follicular dendritic cells in the presence of antibody, but not in the
T area. Likewise, following intravenous administration into mice (Chen
et al., 1978a,b), colloidal carbon, colloidal thorium, and horseradish
peroxidase are found on follicular dendritic cells and macrophages, but
not readily in the T cell area. Clearance of antigens by macrophages,
which reside in sites at which antigens first enter the lymphoid organ
(subcapsular and marginal sinus regions), may well block significant
or prolonged access to the T cell area itself.

Given these findings, and the information that T cells are sensitized
in lymphoid organs that drain the site of antigen deposition, it would
seem necessary to postulate that foreign antigens can be bound and pro-
cessed at distal sites and arrive in the T cell area ready to be presented.

2. Capture of Antigens by B Cells in Situ

Since sizable numbers of antigen-specific B cells are not readily found
in nonlymphoid tissues or in afferent lymph (Sections II,D, E, and F),
one has to consider two other sites where B cells might pick up antigens.
One is the circulation, and indeed B cells might be specialized to pick
up antigens in the bloodstream. The amount of circulating antigen is
likely to be small relative to the high doses (0.1-1.0 mg/ml) that are used
when APCs stimulate T cells zn vitro. However, the efficiency imparted
by adsorptive uptake via surface Ig could allow the B cells to acquire
antigen from the bloodstream. The B cells would then have to meet
helper T cells while circulating through the T or B cell areas.

B cells may also acquire antigen in the germinal center, where there
is a depot of extracellular antigen on follicular dendritic cells (see Section
I1,C) and where CD4* T cells are also noted (Bhan et al., 1981). B cells
in the germinal center may be in transition to the higher-affinity
“memory” type. Of some interest are the data that B cells themselves
might be necessary to transport immune complexes to the follicular den-
dritic cells (Heinen et al., 1986). As discussed above (Section V,E), Kosco
et al. (1988) have reported that isolates of germinal center B blasts from
ovalbumin-immune animals are carrying enough ligand to stimulate an
ovalbumin-specific T/T hybridoma.

3. Sites for Antigen Uptake by Dendritic Cells

There are now several examples in which dendritic cells have been
shown to be carrying antigens that have been administered /n situ. The
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contact sensitivity model has been explored to try to establish that the
allergen might be delivered by epidermal L.Cs which move into the dermis
and then into the afferent lymph, eventually to reach the draining lymph
node. Early experiments established that afferent lymphatics had to be
intact for some 24 hours or more to prime an animal to a contact allergen
(Landsteiner and Chase, 1939; Frey and Wenk, 1957). Shelley and Juhlin
(1976, 1977) noted that many contact allergens selectively bind to LCs
in the epidermis and proposed that these cells were a reticuloepithelial
trap. Silberberg-Sinakin et al. (1976) identified LCs in electron-
microscopic sections of dermal lymphatics underlying the site at which
contact allergens had been applied. Macatonia, Knight, and co-workers
then proved that the draining lymph node had APCs, probably den-
dritic cells exclusively, that expressed enough of the contact sensitizer
to be visualized in the fluorescence-activated cell sorter (Macatonia et al.,
1987) and to stimulate an antigen-specific T cell response (Macatonia
et al., 1986).

Protein antigens have also been studied and found to be associated
with dendritic cells. Kyewski et al. (1986) noted that both spleen and
thymic dendritic cells from mice that were given 4 mg of myoglobin
intravenously could stimulate a myoglobin-specific CD4* clone. Holt
et al. (1987) aerosolized ovalbumin into the rat airway and enriched for
dendritic cells that could present to ovalbumin-primed T cells. The
enrichment procedure required that macrophages be depleted. Bujdoso
et al. (1989) showed that dendritic cells in afferent lymph from sheep
that were boosted with ovalbumin could also carry enough ligand to
stimulate ovalbumin-specific T cell lines. We have recently employed
the myoglobin-specific clones of Livingstone and Fathman (Morel et al.,
1987) to show that spleen dendritic cells are the major cell type in the
spleen that carries myoglobin in an immunostimulatory form following
intravenous injection of antigen (Inaba et al., 1989).

These initial considerations on antigen uptake by dendritic cells in situ,
followed by movement to lymphoid organs, are amenable to some direct
experiments. It will be of interest to trace the movements of different
types of APCs particularly those laden with antigen, and to relate the
localization of injected APCs, to the site at which T cells are actually
responding. Also, one needs to evaluate what kinds of antigens can be
associated with dendritic cells for immunization #n situ.

Once lymphoblasts are generated in lymphoid organs, they leave via
the efferent lymph. Lymphoblasts do not recirculate, and they seem to
preferentially leave the circulation in inflammatory sites (Ottaway and
Parrott, 1979; Koster et al., 1971). This would focus the blasts on areas
carrying the original antigen and presumably APCs such as macrophages
and B cells.
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C. APC-T CELL BINDING
1. APC-T Cell Clusters Generate Primary Responses in Vitro

A salient feature of dendritic cell function in primary antibody and
MLR responses ¢n vitro is that both responses occur in stable aggregates
of dendritic cells and lymphocytes (Inaba et al., 1984; Inaba and Stein-
man, 1984, 1985, 1987a; Flechner et al., 1988). The most obvious para-
meter that is deficient in the APC function of macrophages, monocytes.
and B cells in these primary responses is their inability to form these
aggregates. Lipscomb and co-workers have found that HLA-DR*
alveolar macrophages are poor stimulators of the human MLR (Lipscomb
et al., 1986) and also attribute this to an inability to cluster T cells (Lyons
et al., 1986). Thus, the capacity of dendritic cells to bind T cells may
be the rate-limiting step for the onset of many T cell-dependent immune
responses.

In the MLR dendritic cells aggregate most of the antigen-reactive
T cells within 1 day #n vitro (Inaba et al., 1984; Flechner et al., 1988).
This entry of antigen-reactive T cells into dendritic cell clusters is the
only example we know of that illustrates the efficiency of the in witro
immune response and does so in a way that is comparable to that which
occurs #n situ. It has been shown that antigen-reactive cells are efficiently
depleted from the circulation within a day of exposure to antigen in situ
(Ford et al., 1975; Rowley et al., 1972), presumably because helper-type
T cells are trapped in those lymphoid organs that have APCs bearing
the specific ligand.

When B blasts, rather than resting B cells, are used to present MHC
or Mls antigens (see Section IV,B and C), the B blasts aggregate the
T cells, which then enlarge and synthesize DNA. The efficiency with
which B blasts enter clusters is less than that exhibited by dendritic cells,
since most B blasts are in the noncluster fraction, whereas most den-
dritic cells in the culture are in the aggregates (Metlay et al., 1989).
What are some of the components that lead to the formation of APC-
T cell clusters?

2. Cell Motility

One distinctive feature of dendritic cells, which may influence their
capacity to find infrequent clones of antigen-specific T cells, is their
capacity to form and retract cell processes, particularly broad veils which
are 10 um or more in extension. This has been evident from the very
first observations of living dendritic cells (Steinman and Cohn, 1973;
Drexhage et al., 1979). At this time we have not observed the formation of
comparable cell processes in B cells, B blasts, macrophages, or monocytes
(Freudenthal and R. M. Steinman, unpublished observations). The
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capacity to form cell processes may allow the dendritic cell to probe for
T cells, which then are temporarily immobilized by an antigen-
independent mechanism, to be discussed below.

3. Dendritic Cell-T Cell Binding Mechanisms

A critical unknown is whether recognition of antigen on the dendritic
cell is the first signal to bring APCs and T cells together. We have reasoned
(Inaba and Steinman, 1986, 1987b; Metlay et al., 1989) that antigen
recognition may not be the very first step in binding. It may be hard
for complementarity to occur when the MHC-peptide complex and TCR
are affixed to cell surfaces. There is no freely diffusable ligand, as in
many other receptor systems that have been studied. The chance for
complementarity would be enhanced if the APCs could actively move
about, forming transient conjugates with the T cell, after which recogni-
tion might occur. One also must consider the limitations that are imposed
if the amount of any one specific MHC-peptide complex on the APCs
is low and the frequency of antigen-specific T cells is also low.

That dendritic cell-T cell interactions have an antigen-independent
component is manifest in two types of experiment. One involves rapid
10- to 20-minute binding assays between dendritic cells and T blasts
that have a defined antigen and MHC specificity (Inaba and Steinman,
1986). When the binding assays are done on ice, the interaction is both
efficient and antigen dependent, but when the assays are done at 37°C,
extensive binding is observed in the absence of antigen. No signaling,
i.e., a T cell response, is evident, however, without antigen (Inaba and
Steinman, 1986; Inaba et al., 1985). The dendritic cell-T cell binding
at 37°C in the presence or absence of antigen is so rapid that it is hard
to determine whether antigen influences the initial binding rate.

Recently, it has been noted that cultured, but not freshly isolated,
LCs, can bind small resting T lymphocytes (Inaba et al., 1989a). If one
sediments LCs and T cells and incubates them at 37°C for 3 hours, most
of the LCs in the tube form conjugates with the T cells. There are about
ten to 20 T cells per LC. The clustered T cells can be shown to be com-
petent by adding anti-CD3 Mab and observing lymphoblast formation,
DNA synthesis, and mitosis. Over a 3-hour period the extent of cluster-
ing in the presence or absence of ligand, here anti-CD3 presented by
FcyRII on the LCs, seems equally intense. It is the subsequent induc-
tion of T cell growth, not binding, that requires ligation of the TCR.
In contrast, macrophages do not bind T cells unless FcyRII and anti-
CD3 are available.

Inaba et al. (1986, 1989a) found that LCs only acquired antigen-
independent T cell binding capacity after several days in culture.
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Therefore, this binding capacity develops after the time that the LCs
are capable of processing antigen, which is the first day of culture
(Romani et al., 1989c).

We suspect that dendritic cells express an adhesion molecule that allows
them to temporarily bind to T cells. This adhesion molecule does not
seem to be LFA-1, since antibodies to LFA-1 do not block the initial
binding (Inaba and Steinman, 1987b; Metlay et al., 1989). Anti-LFA-1
does affect DNA synthesis and cluster stability after the dendritic cell-
T cell aggregate has formed.

The dendritic cell adhesion mechanism may be down-regulated after
cluster formation, perhaps after LFA-1 has been engaged. If clusters are
allowed to form in the presence of anti-LFA-1, and are then disassembled
by pipetting, they do not reform (Inaba and Steinman, 1987b). This
implies that the original binding mechanism has been down-regulated,
which in turn would limit the dendritic cell from trying to find other
T cells after specific antigen-reactive T cells have been identified.

Therefore, the formation and function of dendritic cell-T cell aggregates
in the primary MLR may involve at least three molecular interactions acting
in sequence (steps 1-3 in Fig. 2): (1) an initial antigen-independent system
that is not LFA-1 but has yet to be identified, (2) antigens presented to the
T cell clonotypic receptor, and (3) LFA-1/ICAM. The onset of this clustering
sequence in turn may be preceded ¢n situ by distinct steps involving antigen
acquisition/presentation, migration to the T cell area, and muotility/cell
process formation within the T area.

4. B Cell-T Cell Binding Mechanisms

In contrast to dendritic cell-mediated clustering, the formation of large
clusters between B blasts and T cells is fully blocked when anti-LFA-1
is added to the primary MLR (Metlay et al., 1989). Anti-LFA-1 also blocks
the binding of hapten (TNP)-specific B cells to carrier-specific T cells
in the presence of TNP-KLH (Sanders et al., 1987). The anti-LFA-1
could be acting at the level of the B or T cell, since both express LFA-1.
It has been reported that resting human T cells lack ICAM-1 (Dougherty
et al., 1989), which would argue that LFA-1 on the T cell is required
first. It is also possible that ICAM-1 is found at low levels on T cells
or is rapidly up-regulated, in which case LFA-1 on the B cell is impor-
tant in binding.

As in the case of dendritic cell-T cell binding, LFA-1 may only become
functional and stabilize the B cell-T cell interaction after antigen recogni-
tion has taken place in the primary MLR (Fig. 2). Wright, Detmers
et al. have shown that the binding function of the leukocyte integrins,
CDlla and CDllb, can be regulated by environmental stimuli. CR3 on
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FiG. 2. Diagram of the interactions required for dendritic cells and B cells to form
stable aggregates with T cells. As explained in the text, it is thought that the dendritic
cell contacts the T cell first by an antigen-independent mechanism. Step 2 involves
recognition of presented antigen, and step 3 represents the adhesion via LFA-1 on the
T cell. Antigen recognition may be the first step in the B cell-T cell interaction, and
this is followed by an interaction between LFA-1 and ICAM-1 which can be expressed
on either cell type.

macrophages can be up-regulated by phorbol myristic acetate (PMA)
(Wright and Silverstein, 1982) or fibronectin (Wright et al., 1984), and
down-regulated by IFN-y (Wright et al., 1986). Regulation of CR3 on
neutrophils involves changes in the state of receptor aggregation more
than alterations in receptor numbers (Detmers et al., 1987).

If LFA-1 is nonfunctional on the resting T cell, then T cell recogni-
tion of antigen on the B cell may lead to LFA-1 activation and
LFA-1-dependent binding between B and T cells. As discussed above,
an antigen-dependent binding system would be inefficient if only small
amounts of specific MHC-peptide complexes were present on the B blast
surface and if one were dealing with infrequent clones of antigen-specific
B cells and T cells. These limitations may not pertain to #n vitro models
in which B blast-resting T cell clustering have been identified (Metlay
et al., 1989). By using anti-Ig as the activation stimulus, large numbers
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of presenting B cells are available. Since MLR and Mls loci have been
studied, sizable amounts of presented antigen may be present on B blasts,
and large numbers of reactive T cell clones recognize allo-MHC and Mls.

The other pathway that generates B cell-T cell conjugates is to activate
the T cell with a dendritic cell, and then the T blast can bind and
stimulate other APCs, both macrophages and B cells (Inaba and Stein-
man, 1984, 1985; Koide and Steinman, 1988; Bhardwaj et al., 1989).
MHC-restricted T blasts were generated in the primary MLR or in
primary responses to carrier proteins such as KLH and ovalbumin. A
dose of only 1000-3000 T blasts were then required to trigger an optimal
antibody response in cultures of 2-3 X 106 B cells (Inaba and Stein-
man, 1984, 1985). Thus, the efficiency of the T blast in functional
readouts seems very high. The mechanism of B cell-T blast clustering
has not been studied.

Not only can T blasts bind and activate B cells, but the B cells are
active APCs for further growth of the T blasts. In this way a response
that is initiated by dendritic cells can be further expanded by B cells,
as long as the appropriate MHC-peptide complexes are present.

D. InpuctioN ofF T CELL GROWTH AND GENE EXPRESSION

1. Clonal Expansion and Lymphocyte-Activating Factors

In studies of the MLR it has been found that B blasts and dendritic
cells, after they have made contact with the T lymphocyte, are roughly
similar in their capacity to induce DNA synthesis (Metlay et al., 1989).
The MLR studies measured DNA synthesis over a short term. Further
studies are needed to test the role of APCs in triggering long-term clonal
growth. A recent study indicates that dendritic cells are much more active
than are monocytes or small resting B cells in supplying a needed
accessory function for T cell cloning (Langhoff and Steinman, 1989).
The clones were raised in the presence of a lectin phytohemagglutinin,
and exogenous growth factors, so that the dendritic cell may be serving
some function in addition to clustering the T cell or inducing lympho-
kine production. It was suggested that dendritic cells supply a signal
that is required for long-term growth. EBV-transformed B cell lines were
just as active as dendritic cells in supporting T cell cloning, so that it
will be of interest to evaluate primary populations of B lymphoblasts
as APCs for clonal expansion.

For some time it has been thought that IL-1 must be produced by
the APCs to activate the T cell to produce growth factors or to become
responsive to growth factors. More recently, there has been evidence for
a more restricted effect of IL-1 on T cells, i.e., that IL-1 only acts on
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the Ty2 subset of helper cells and only to enhance responsiveness to the
growth factor IL-4 (Kurt-Jones et al., 1987; Lightman et al., 1989). As
yet, these studies have not been extended to primary cells.

The role of IL-1 in dendritic cell function provides another view on
the role of this cytokine. IL-1 is not produced by dendritic cells, from
either mice or humans (Bhardwaj et al., 1988, 1989; Koide and Stein-
man, 1987; Hart and McKenzie, 1988), and a neutralizing anti-IL-1
antibody does not block dendritic cell function (Inaba et al., 1988;
Bhardwaj et al., 1989). However, exogenous IL-1 can enhance the func-
tion of dendritic cells but at the level of the dendritic cell and not the
T cell directly (Koide et al., 1987; Inaba et al., 1988; Heufler et al.,
1987). If dendritic cells are cultured in IL-1 for 8 hours or more and
washed, their stimulatory function increases some threefold, and this
cannot be ascribed to a carryover of IL-1 into the culture with T cells.

The question of there being additional factors that could act
independently to activate the T cell has been addressed in recent two-
chamber experiments. Clusters of interacting LCs and anti-
CD3-stimulated T cells were placed on one side of a 0.4 um filter, with
anti-CD3-coated T cells on the other side. While IL-2 was produced
by the clusters and diffused across the filter, the anti-CD3-coated T cells
did not blast transform or synthesize DNA (Inaba et al., 1989a). This
shows that even when a TCR is occupied by a ligand, one cannot
demonstrate soluble dendritic cell-dependent factors that costimulate.

IL-1 production by primary B cell populations has not been detected
(Bhardwaj et al., 1988; Koide and Steinman, 1987). There is recent
evidence for the production of another cytokine, IL-6, by tonsillar B cells
(Schriever et al., 1989). IL-6 has been implicated as a T cell-activating
factor for the IL-2-dependent T cell proliferation of mouse T cells in
the presence of Con A (Garman et al., 1987).

2. Two Signals for the Induction of Lymphokine Gene Expression

A striking feature to emerge from the study of polyclonal stimuli, i.e.,
mitogens rather than specific antigens, is that most mitogens require
an accessory, or second, signal. Lectins, periodate, and anti-T cell
antibodies (including those to the clonotypic receptor and anti-CD3)
all require an accessory cell, or the tumor promoter PMA. The critical
response that requires two signals is the induction of lymphokine gene
expression, including 1L-2, IL-4, and IFN-y (Weiss et al., 1986; Granelli-
Piperno et al., 1986; Granelli-Piperno and Keane, 1988). Recent obser-
vations reveal that in the primary MLR, both dendritic cells and B blasts
are active in inducing the release of active lymphokines into the medium
(Puré et al., 1988).
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Two broad explanations are often put forth to explain the need for
accessory cells or PMA, in addition to MHC-peptide complex, for induc-
ing lymphokine gene expression. One is that those TCRs that have bound
ligand must also be cross-linked to signal the cytoplasm. This may occur
by clustering of ligands on the APC surface or by some signal that pro-
ceeds via an intermediate that is phosphorylated by protein kinase C,
the presumed immediate target for PMA. If one places T cells on plates
that are coated with anti-CD3, or if one applies anti-CD3 and a cross-
linking anti-Ig, extensive DNA synthesis does ensue (Geppert and Lipsky,
1987). Can there be enough antigen on an APC to mimic these
experimental models? One could argue that the levels of any one MHC-
peptide complex is low, since antigen processing likely generates a large
number of different peptides, and many of the MHC molecules on an
APC may already be occupied by different peptides produced from within
the APC or in its surroundings. On the other hand, one could envisage
a relatively high density of MHC-peptide complexes. B cells and den-
dritic cells may primarily present peptides that they acquire
simultaneously with the synthesis of large numbers of new MHC
molecules, and the number of different proteins that these APCs inter-
nalize may be relatively few (see Sections III,A, IV,A and IV,D).

Another basis for the two-signal requirement is that the accessory cell,
or PMA, induces a distinct signal that synergizes with that delivered
by antigen and the TCR-CD3{ complex —in contrast to the first mecha-
nism, whereby the second signal acts to aggregate the TCR complex.
There is still little direct evidence on these possibilities with physiological
APCs.

Thus, the mechanism of T cell activation, after APC-T cell contacts
have been established, is not understood. As yet, there is no evidence
that dendritic cells or B blasts differ fundamentally by the criteria that
have been analyzed to date, such as production of IL-1 and triggering
of T cell growth and lymphokine production. Where dendritic cells and
B cells show major differences are in the other aspects of APC function
described above, e.g., how and where antigens are acquired, how the
expression of class I and class II MHC products are regulated, movements
in situ, and mechanisms for binding T cells.

VIi, Conclusion—Consequences of Having Two Different Types of APCs

A. IMMUNOGENICITY

Both dendritic cells and B lymphocytes play important but distinct
roles in immunogenicity. Antigen presentation by dendritic cells provides
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an efficient pathway for inducing large numbers of active and specific
T lymphoblasts, from both CD4* and CD8* subsets, while presenta-
tion by B cells is essential for helper T cell-dependent antibody formation.

We have reviewed the many specializations that would allow dendritic
cells to pick up antigens and initiate immune responses én situ. (1) Den-
dritic cells are widely distributed and are found in many nonlymphoid
organs, where antigens typically gain access to the body (see Section IIE).
(2) These nonlymphoid dendritic cells in particular can capture antigen
(see Sections IV,A and B), and at the same time up-regulate expression
of cell surface class I and class II MHC products to levels that are the
highest seen on any cell type (see Section III,A). Together, these features
should generate relatively high amounts of MHC-peptide complexes at
the place where antigens are deposited. However, substantial levels of
exogenous antigens may be necessary to charge the dendritic cell, >1 uM,
if current 7n vitro data are a guide. An unexplored possibility is that
the FcRs on nonlymphoid dendritic cells, perhaps via natural antibodies,
can be used to enhance antigen uptake. (3) Dendritic cells are promi-
nent in the afferent lymph and can home to the T cell area via the blood
or afferent lymph (see Section II). There is evidence that dendritic cells
can carry antigen to the lymphoid organ (see Section VI,B). In the T
cell area, these APCs would be in the path of the recirculating T cell
pool and thereby in the best position to select antigen-specific clones.
There is no evidence that dendritic cells leave the draining lymphoid
organ. This would account for the fact that sensitized T cells primarily
arise in the lymphoid tissue that drains the site of antigen deposition,
but not other lymphoid organs. (4) Dendritic cells can down-regulate
antigen uptake and processing (see Section IV,A), perhaps en route to
the T cell area, so that antigens acquired in the tissues would not be
displaced by endocytosis and processing of self-antigens in the protein-
rich fluid of the lymphatic system. (5) Dendritic cells are motile and
efficiently capture antigen-specific T cells (see Section VI,C). It is pro-
posed that dendritic cells quickly survey T cells, via a reversible antigen
and an LFA-1 independent mechanism, and then retain the T cell if
there is complementarity between the presented antigen and the
clonotypic receptor.

The initial studies of lymphoid dendritic cells, as in mouse spleen and
rat lymph and lymph node, suggested that dendritic cells were con-
stitutively prepared to present antigens. More recent observations on
epidermal LCs indicate that many critical aspects of dendritic cell func-
tion are regulated at the sites where antigens are deposited. Nonlym-
phoid dendritic cells, like epidermal LCs, may be immunologically
inactive. With the deposition of antigen, many of the specializations in
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dendritic cell function listed above may come under regulatory controls.
GM-CSF and IL-1 are two cytokines that have been implicated in ampli-
fying dendritic cell function #n vitro. These molecules are inducible
products of many different cells such as fibroblasts, endothelium,
keratinocytes, and macrophages. We propose that these cytokines need
to be induced at the site of antigen deposition in order to activate local
dendritic cells and initiate the immune response.

Dendritic cells are not known to have effector functions which would
lead to the removal of antigen. Dendritic cells do not make Ig, and they
are nonphagocytic. No cytokines are yet known to be produced by these
cells. Therefore, when dendritic cells present antigen, the effect seems
to be unidirectional on the T cell, generating large numbers of antigen-
specific lymphoblasts.

Antigen presentation by B cells is bidirectional in its consequences.
Many of the important functions of the B cell can be influenced by the
T cell and lymphokine products such as IL-4, IL-5, and IL-6. There
is evidence that the B cell must interact with the T cell before that B cell
can respond to helper lymphokines (see Section V,B). Presentation in
turn triggers the T cell to produce the required lymphokines. The latter
would influence clonal growth of the B cell, high-level Ig secretion,
switching of Ig isotypes, and perhaps somatic mutation to produce higher-
affinity antibodies.

Like the dendritic cell, the APC function of B cells is regulated. The
main control involves binding and processing of the specific antigen to
which antibody ultimately will be secreted. Binding of antigen may also
trigger the B cell to synthesize new class II MHC molecules and cell
surface adhesion molecules, such as LFA-1 and ICAM-1.

B cells, by having access to the germinal center, also have access to
the most long-lived pool of native antigen that has been described, i.e.,
immune complexes that persist extracellularly on follicular dendritic
cells. B cells also have the receptors that would allow binding of antigens
and immune complexes in the circulation, with subsequent carriage to
the lymphoid organ. We have reasoned that the occurrence of B cells
in the extravascular spaces of nonlymphoid organs may be too infre-
quent to allow this type of APC to play a major role in capturing antigens
in many tissues where antigens are deposited.

The efficacy of B cell presentation can be improved at the level of
either the B or T cell. By clonal expansion, and by increasing the affinity
of antibodies through somatic mutation, APC function is increased. Both
changes are part of the memory, or secondary, response. At the level
of the T cell, it is evident that T blasts are much more efficient in at
interacting with B cells than with resting T lymphocytes. Another
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regulation could occur at the level of functional helper T cell subsets
and the attendant production of different lymphokines.

What is far from clear is whether B cells participate as APCs in
nonspecific antigen presentation, i.e., in triggering immune responses
to proteins which the B cell does not bind via surface Ig. Many of the
existing data on this question derive from LPS-induced B blasts or
transformed B cell lines, rather than from more physiological popula-
tions. We have discussed the possibility that primary B cells are not
capable of handling nonspecific antigens in the manner shown by den-
dritic cells, and that this may occur through the weak capacities of B cells
to internalize antigens in bulk.

Nor is it clear whether B cells play a role in presenting antigens to
those T cells that become CTLs or that mediate macrophage activa-
tion and DTH. Again, it may not be possible for the B cell to present
particulate and cell-associated antigens in these types of T cell responses.

B. AUTOIMMUNITY/HYPERSENSITIVITY

An intriguing feature of antigen presentation, as it is now understood,
is that exogenous peptides can bind to MHC molecules on the surface
of APCs. If small B cells were constitutively active as APCs and had
access to peptides, there would be the formation of nonspecific Ig and
perhaps autoantibody. That is, helper T cells would react with B cells
that were presenting peptides totally unrelated to the antigens whose
B cells would specifically bind via surface Ig receptors. A danger for
nonspecificity would also occur if macrophages could induce primary
immune responses in the same fashion as dendritic cells. For example,
macrophages can make cytokines and reactive oxygen intermediates when
activated by T cells. Again, it would seem important to restrict the
macrophage-T cell interaction to those antigens which the macrophage
itself harbors.

Dendritic cells do not have the effector functions of B cells and
macrophages, so that when they present antigen, the consequence is the
production of T blasts and not the release of Ig or reactive oxygen
intermediates, for example. These T blasts very efficiently react with
antigens presented by B cells and macrophages, unlike resting T cells.
Tissue specificity during an immune response would arise from the prop-
erty of the T blast to home to inflammatory sites. T blasts generated
in lymphoid organs by antigens on dendritic cells would not have ready
access to most APCs, but instead would leave the lymphoid organ via
the efferent lymph and encounter macrophages and/or B cells in the
inflammatory site where the original antigen is found.
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What keeps dendritic cells from presenting autoantigens? This is not
known. One mechanism is that the dendritic cell may not be actively
acquiring antigens when it is resident in a tissue, or even when it courses
though the lymph and T cell area. Another is that the self-antigen, in
order to be presented, would have to be abundant at the site where the
dendritic cell is capturing exogenous antigens. These two controls would
not seem fail-safe, so that the presentation of autoantigens on dendritic
cells likely can be controlled in other ways.

C. REGULATION OF THE IMMUNE RESPONSE
AT THE LEVEL oF APC FUNCTION

The emphasis in research on immune responsiveness traditionally has
been at the levels of the repertoire of antigen receptors expressed by
lymphocytes and, in the case of T cells, on the capacity of antigens to
associate with MHC products on the APCs. The material presented in
this review emphasizes another important level of control, that of APC
physiology and the properties of primary cells particularly 7z situ. For an
immune response to occur, one needs not only antigen and a T cell reper-
toire but an appropriate APC. The processing of antigens, the synthesis
of MHC products, the capacity of APCs to bind to specific lymphocytes,
and the movement of APCs to gain access to T cells can all be induced
or modified. There is every reason to believe that immunogenicity and
tolerance in large measure reflect the capacity of the antigen in ques-
tion, or its mode of administration, to influence APC function at each
of these levels.
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I. Introduction

Few lymphocyte subpopulations have evoked such controversy as the
CD5 B cell. After it finally was accepted that normal B lymphocytes
may coexpress CD5, it was disputed whether CD5 B cells constituted
a distinct B cell subset. It still is debated whether this cell type represents
a discrete B cell lineage or more simply a stage in B cell activation and/or
maturation. The relationship between the CD5 B cell and autoimmune
disease and/or autoantibodies also is controversial. This chapter will
review current ideas concerning the CD5 B cell, hoping to resolve some
of the controversy. However, some issues still remain unanswered and
are the topic of current research.

In this review, the international nomenclature established for cell dif-
ferentiation antigens will be used. Historically, the CD5 B cell in mice
or humans has been referred to as the Ly-1 B cell or Leu-1 B cell, respec-
tively. Although these terms are still in use, all defined surface differen-
tiation antigens, including CD5, will be referred to by their assigned
CD (cluster of differentiation) number. Whenever appropriate, the
monoclonal antibodies (Mabs) employed to define surface expression
of a particular CD antigen will be listed in brackets along with reference
to contributing investigators. This will not be a complete listing of all
Mabs reactive with a particular CD antigen, but rather the Mab(s)
utilized in the study reviewed.

Since its initial description, the cell subset(s) thought exclusively to
express the CD5 surface antigen has undergone repeated modification.
In the mid-1970s the CD5 surface antigen, then known as Lyt-1, was
defined using alloantisera raised in inbred strains of mice. Utilizing these
antisera with complement to deplete Lyt-1-bearing lymphocytes prior
to in vitro assays or cell transfer experiments, the CD5 antigen originally
was thought to be a surface marker for the helper-inducer T lympho-
cyte subpopulation (Cantor and Boyse, 1975a,b). However, with the
advent of anti-CD5 Mabs and sensitive flow-cytometric analyses, CD5
was noted to be expressed by all T lymphocytes (Ledbetter et al., 1980).
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Almost concomitantly, CD5 was detected on certain B cell tumors in
both mice (Lanier et al., 1981a,b, 1983) and humans (Gough et al., 1980;
Wang et al., 1980; Martin et al., 1980, 1981; Royston et al., 1980). At
first thought perhaps to represent examples of neoplastic cell “lineage
infidelity,” it soon was discovered in both mice and humans that CD5
may be expressed by normal B lymphocytes (Manohar et al., 1982;
Hayakawa et al., 1983; Caligaris-Cappio et al., 1982).

Il. CD5 B Cells Defined

CD5 B cells are lymphocytes that coexpress a 67-kDa pan-T lympho-
cyte surface glycoprotein, designated CD5, and surface antigens restricted
to the B lymphocyte lineage (Hayakawa et al., 1983; Herzenberg et al.,
1986; Hardy and Hayakawa, 1986; Gadol and Ault, 1986). Surface expres-
sion of CD5 is defined by the reactivity of cells with Mabs Ly-1 [563-7.3
(Ledbetter and Herzenberg, 1979)] in mice, or Leu-1 or its equivalent
(see Martin et al., 1981) in humans. Both murine and human CD5 B cells
express roughly 20% of the level of CD5 expressed by most T lymphocytes
(Manohar et al., 1982; Hayakawa et al., 1985; Gadol and Ault, 1986;
Hardy and Hayakawa, 1986; Kipps and Vaughan, 1987). However, these
cells lack expression of other T cell-associated differentiation antigens,
such as CD4, CD8, and CD3, and, in the mouse, Thy-1.

In addition to surface immunoglobulin (sIg), these cells express other
surface antigens at levels comparable to B cells considered CD5 "
(Hayakawa et al., 1983; Hardy et al., 1984, 1986; Gadol and Ault, 1986;
Kipps and Vaughan, 1987). This includes CD19, CD20, and CDZ21,
antigens that are expressed exclusively by lymphocytes of the B cell lineage
(Ling et al., 1987). Murine CD5 B cells coexpress other B cell surface
antigens, such as ThB [49-H4 (Eckhardt and Herzenberg, 1980)], the
B cell isomer of Ly-5 [B220, RA3-6B2 (Coffman, 1983)], and a recep-
tor for Ig Fc (Dexter and Corley, 1987) that is recognized by the Mab
2.4G2 (Unkeless, 1979).

Detection and enumeration of CD5 B cells require sensitive immuno-
fluorescence or immunohistochemical methods. Even with the brightest
of fluorochrome-labeled anti-CD5 Mabs and the most sensitive of
immunofluorescence techniques, B cells expressing CD5 cannot be
delineated into a separate subpopulation distinct from B cells that lack
expression of this marker (Fig. 1). Because of this, subtraction methods
must be used to enumerate these cells within a mixed cell population.
Generally, the percentage of CD5 B cells is defined as the percentage
of B cells stained with a fluorochrome-labeled anti-CD5 Mab minus the
percentage of B cells stained with a fluorochrome-labeled isotype control
Mab above a given fluorescence threshold.
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Fic. 1. Immunofluorescence of PBLs from a normal adult stained with biotin-
labeled anti-IgM and either FITC-labeled anti-CD5 [Leu-1] (left) or an FITC-labeled
control antibody of the same murine Ig isotype [IgGs,] (right). The biotin-labeled anti-
IgM was developed by second-step staining with Texas red-avidin. The boxed areas repre-
sent the region of integration used to calculate the percentage of CD5 B cells. The per-
centage of cells in the box of the control panel (left) is subtracted from the percentage
of cells in the box of cells stained with anti-CD5 (right).

Other characteristics may help to distinguish the CD5 B cell. Flow-
cytometric analyses of CD5 B cells from both mice and humans
demonstrate these cells to have larger forward- and side-angle light scatter
than CD5~ B cells, consistent with the cells having a greater size than
most other B lymphocytes. Murine CD5 B cells especially express higher
levels of sIgM and lower levels of sIgD than do other B lymphocytes
(Hayakawa et al., 1984; Hardy et al., 1983). Human CD5 B cells may
comprise the B cell subpopulation noted spontaneously to form rosettes
with mouse erythrocytes (MRBCs) (Gobbi et al., 1983; Lydyard et al.,
1987). Human tonsillar CD5 B cells also may coexpress 4F2, a surface
antigen associated with cellular activation (Haynes et al., 1981).
Demonstration that 4F2 and CD5 are coexpressed on B cells, however,
was not performed directly, but rather through inference from studies
on the B cell growth factor (BCGF) response of various B lymphocyte
populations selectively depleted of B cells expressing either 4F2 or CD5
(Richard et al., 1987). Finally, in contrast to most other B cells, human
(Kipps and Vaughan, 1987) and mouse (Herzenberg et al., 1987) CD5
B cells may express low levels of CD11b [Leu-15, MAC-1 (Springer et al.,
1978, 1979)], the receptor for C3bi that commonly is expressed by cells
of the myelomonocytic lineage (Beller et al., 1982; Hogg and Horton,
1987). In addition, human CD5 B cells may express low levels of other
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myelomonocytic-associated surface antigens, such as CD14 [MY4, Mo2
(Griffin et al., 1981; Elias et al., 1985; Todd et al., 1981)]. Expression
of such surface antigens commonly is not detected on most other B
lymphocytes (Hogg and Horton, 1987).

CDb5 B cells apparently are more resilient to in vitro cell culture than
are CD5~ B cells. Murine B cells survive for a few days n vitro without
exogenous cytokines or viral transformation. Most of the B cells that
are viable after prolonged culture are noted to coexpress the CD5 surface
antigen (Hardy and Hayakawa, 1986; Herzenberg et al., 1986). That
the CD5 B cell phenotype simply is not acquired ¢n witro is suggested
by cell-sorting experiments in which CD5 B and CD5 ~ murine splenic
B cells are separated prior to culture. In such experiments, separated
CD5 B cells survive significantly longer than do CD5~ B cells. The
capacity of CD5 B cells to survive for prolonged periods in vitro has per-
mitted some investigators to establish CD5 B cell lines for biochemical
and molecular studies (Braun, 1983; Braun et al., 1984, 1986).

lll. Anatomic Localization of CD5 B Cells

Studies of inbred mice have discerned an anatomic distribution of
CD5 B cells that is not random. Although demonstrable as a rare splenic
B cell subpopulation in most normal inbred mice, murine CD5 B cells
normally are not found in lymph nodes, blood, or bone marrow
(Hayakawa et al., 1983). In contrast, CD5 B cells constitute a major
lymphoid subpopulation in the murine peritoneal cavity (Hayakawa
et al., 1986a). In general, B cells comprise approximately 30-60% of
the harvested peritoneal cells of most inbred strains of mice, T cells con-
stitute 10% , and monocytes and macrophages comprise the remainder.
Approximately one half of the peritoneal B cells coexpress CD5 and share
phenotypic characteristics with splenic CD5 B cells (Hayakawa et al.,
1986a).

Recently, one group of investigators reported finding CD5 B cells in
the thymus of normal mice (Miyama-Inaba et al., 1988). About 1% of
the cells in most thymic cell suspensions are B lymphocytes. In order
to study the phenotype of these thymic B cells, thymocytes were depleted
of T cells by treatment with anti-Thy-1.2 [F7D5 or 30-H12], anti-CD4
[GK1.5 (Dialynas et al., 1983)], and anti-CD8 [Lyt-2.2 or HO-2.2] and
rabbit complement, and then layered onto 65% Percoll for discontinuous
density gradient centrifugation. Cells enriched for sigM-bearing B lym-
phocytes were found in the low-density fraction at the media-Percoll
interface. These cells could be stimulated to proliferate by treatment
with both interleukin-4 (IL-4) and anti-IgM or Escherichia coli
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lipopolysaccharide (LPS), but not concanavalin A. Flow-cytometric
analyses demonstrated that greater than 70% of these thymic B cells
expressed CD5, in addition to CDIlb [MAC-1], slgM [14-8], Ia
[M5/114.15.2], CD45R [RA3-3A1/6.1], and low-density B220. As such,
these cells have the phenotype of CD5 B cells found in the spleen or
the peritoneal cavity of normal mice. To be sure, earlier studies failed
to detect CD5 B cells within the thymus (Hayakawa et al., 1983). These
studies analyzed whole thymic cell preparations in which CD5 B cells
are below the limits of detection. This emphasizes that CD5 B cells at
best constitute a rare subpopulation within the thymus.

In humans, distinctions in the anatomic distribution of CD5 B cells
are less well resolved. In normal adults, CD5 B cells have been reported
to comprise anywhere from less than 1% to 30% of the B cells circulating
in the peripheral blood (Plater-Zyberk et al., 1985; Maini et al., 1987;
Lydyard et al., 1987; Taniguchi et al., 1987; Hardy and Hayakawa, 1986;
Dauphinee et al., 1988; Hardy et al., 1987; Casali et al., 1987; Gadol
and Ault, 1986; Kipps and Vaughan, 1987). CD5 B cells constitute less
than 10% of the splenic B cells of most adults tested (Freedman et al.,
1987a) but may account for up to 30% of the B cells in lymph nodes
and inflamed tonsils. Using immunohistochemistry to identify cells posi-
tioned within the lymph node, CD5 B cells are identifiable as a small
subpopulation of cells scattered around the edge of the germinal center
(Caligaris-Cappio et al., 1982; Gobbi et al., 1983). CD5 B cells generally are
not detectable in the adult bone marrow (T. J. Kipps, unpublished obser-
vations; M. Loken, personal communication). In only a few cases examined
CD5 B cells have not been detected among the mononuclear cells present
in peritoneal washings of patients undergoing gynecological procedures.

IV. CD5 B Cells in Ontogeny

CD5 B cells appear early in development. CD5 B cells in mice can
be detected with the first appearance of IgD-bearing B lymphocytes in
neonatal spleen. Unlike other lymphocytes, the absolute number of CD5
B cells rapidly reaches near-adult levels early in lymphocyte ontogeny
(Hayakawa et al., 1986a). Thus, the proportion of CD5 B cells relative
to other splenic lymphocyte subpopulations decreases with age. In
BALB/c mice CD5 B cells constitute approximately 20% of the sigM*
splenic B cells 5 days after birth (Dexter and Corley, 1987). The per-
centage of sIgM™ splenic B cells that coexpress CD5 progressively
diminishes from this level to roughly 9% at 22 days and approximately
5% at 3 months of age. Similarly, the frequency of peritoneal B cells
that coexpress CD5 diminishes from nearly 100% at 7 days after birth
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to 46% at 3 weeks and 16% at 3 months of age (Hayakawa et al., 1986a;
Dexter and Corley, 1987). The reduction in the proportion of splenic
and peritoneal B cells that coexpress CD5, however, is not due to a reduc-
tion in the absolute number of CD5 B cells, but rather is secondary to
an increase in the absolute number of B cells that do not coexpress CD5.
In fact, the absolute numbers of CD5 B cells found in the spleen more
than double between 1 and 3 weeks of age (Dexter and Corley, 1987).
Similarly, there is approximately a ninefold increase in the absolute
numbers of CD5 B cells found in the peritoneum between 3 weeks and
3 months of age.

In humans, CD5 B cells constitute a major B cell subpopulation in
fetal spleen and newborn cord blood. Examination of the cell surface
phenotype of splenic lymphocytes from fetuses at 19-22 weeks of gesta-
tion revealed that 40-60% of the total B lymphocyte population coex-
presses CD5 along with other B cells surface antigens, i.e., HLA-DR,
CDI19 [B4 or Leu-12 (Nadler et al., 1983; Meeker et al., 1984)], CD20
[B1 (Stashenko et al., 1980)], and sIgM and sIgD (Bofill et al., 1985;
Antin et al., 1986). At birth most of the B lymphocytes in cord blood
coexpress CD5 (Hardy and Hayakawa, 1986; Hardy et al., 1987).
However, by young adulthood CD5 B cells constitute less than 10-30%
of the B cells in normal spleen, lymph nodes, and peripheral blood
(Gobbi et al., 1983; Kipps and Vaughan, 1987).

V. CD5 B Cells in Aging

Aging may affect the levels of CD5 B cells. Recent studies of mice
indicate that aging is associated with an increase in the absolute numbers
and/or relative proportions of CD5 B cells in the peritoneum, lymphoid
organs, and peripheral blood. In normal BALB/c mice, the number
of peritoneal CD5 B cells increases slowly but steadily, from approximately
3 X 106 in 6- to 8-week-old mice to greater than 3 X 107 in mice greater
than 1 year of age (Stall et al., 1988). This increase appears secondary
to oligoclonal expansions of CD5 B cells, in that clusters of cells expressing
homogenous levels of sIgM sharing the same Ig light chain can be
detected using multiparameter flow-cytometric analyses (Stall et al., 1988;
Tarlinton et al., 1988). Subsequent to 5-7 months of age, similar expan-
sions often can be detected in the spleen and, later, lymph nodes,
peripheral blood, and bone marrow of normal mice of all strains tested
(BALB/c, C57BL/6, or CBA). All mice over 18 months of age had
phenotypically homogenous expansions of CD5 B cells in lymphoid organs
and peripheral blood. Similar apparent clonal expansions of CD5 B cells
may be detected in autoimmune strains of NZB or (NZB X NZW)F,
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(B/W) mice, but at an accelerated rate (Raveche et al., 1981; Stall et al.,
1988; Seldin et al., 1987; Wofsy and Chiang, 1987). The latter mice,
however, generally succumb to autoimmune disease prior to developing
large expansions of such cells, unless they are treated with weekly injec-
tions of anti-CD4 [GKI.5] to ameliorate their autoimmune disease (Wofsy
and Chiang, 1987).

Long-term studies in humans, examining the effect that aging has
on the relative proportions of circulating CD5 B cells, are ongoing. To
be sure, malignancies of the CD5 B cell (discussed below), such as chronic
lymphocytic leukemia (CLL) and small-cell lymphocytic non-Hodgkin's
lymphoma (NHL), are most common in older age groups. These diseases
have peak incidences in the sixth or seventh decades of life. Perhaps an
age-related increase in the proportion of CD5 B cells may predispose
to malignant transformation of CD5 B cells.

V1. CD5 B Cell Malignancies

Several murine B cell lymphomas that have developed in aging mice
have been noted to coexpress CD5. The BCL, leukemia that occurred
spontaneously in an aging BALB/c mouse (Slavin and Strober, 1978)
subsequently was found to express CD5, in addition to other B cell
surface antigens (Hardy et al., 1984). That CD5 B cell lymphomas may
arise from chronic antigenic stimulation associated with aging was sug-
gested by studies of the CH series of lymphomas in BI0.H-22H-4b p/Wts
mice. These lymphomas arise in aging recipients of adoptively trans-
ferred syngeneic spleen cells after hyperimmunization with sheep erythro-
cytes (SRBCs) (Lanier et al., 1978, 1982). In addition to sIgM, these
lymphomas also coexpress CD5 (Lanier et al., 1982; Pennell et al., 1985).
Finally, many B cell lymphomas arising in aging NFS/N v-congenic mice
also express CD5 (Davidson et al., 1984). Many of these lymphomas
have been adapted for #n vitro culture. In particular, the CH series of
lymphomas has proven to be a highly interesting model with which to
study CD5 B cell Ig gene expression (discussed in Section XIV).

In humans, the most common malignancy of the CD5 B cell is CLL.
Early attempts to devise a hypothetical model of B cell development by
drawing analogy to B cell malignancies positioned the CLL cell as
representative of an early stage in B cell differentiation (Anderson et al.,
1984). This schema, however, is not compatible with the observation
that approximately 95% of the patients with B cell CLL have leukemic
cells that coexpress CD5 in addition to other B cell surface antigens
(Martin et al., 1980; Royston et al., 1980; Wang et al., 1980; Boumsell
et al., 1980). This trait is shared neither by early B lymphocytes found
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within the bone marrow (as discussed in Section III) nor by other
“immature” B cell malignancies (Melink and LeBien, 1983; Caligaris-
Cappio and Janossy, 1985). Further, leukemic CD5 B cells generally form
rosettes with MRBCs (Forbes et al., 1982), a trait apparently shared by
normal CD5 B cells (Gobbi et al., 1983; Lydyard et al., 1987). In contrast
to other B cell leukemias, leukemic CD5 B cells also are noted to express
myelomonocytic surface antigens (den Ottolander et al., 1985: Kipps
and Vaughan, 1987; Morabito et al., 1987), similar to the normal CD5
B cell. In a recent survey of 31 cases of CD5* CLL, 29 (94%) coex-
pressed CD5 [Leu-1], 26 (84 %) were positive for CD14 [MY4], 22 (71%)
were reactive with a Mab specific for the monocyte Fc receptor [MFC-1],
22 (71% ) were positive for CD11b [OKM1], and eight (26%) expressed
CD15 [Leu-M1] (Morabito et al., 1987). In addition, many of the cases
with leukemic cells reactive with anti-CD14 [MY4] also stained with MY7.
These many shared phenotypic characteristics make a strong argument
that B cell CLL, the most common adult leukemia in Western societies,
is a malignancy of the relatively uncommon CD5 B cell.

Solid tissue human B cell lymphomas also may express the CD5
surface antigen. Malignant B cells of small-cell lymphocytic lymphoma
(SL) morphologically resemble the leukemic cells seen in the peripheral
blood of patients with CLL and, in contrast to lymphomas of follicular
center cell origin, frequently coexpress B cell surface antigens and CD5
(Burns et al., 1983; Knowles et al., 1983; Cossman et al., 1984; Al Saati
et al., 1984; Delia et al., 1986; van den Oord et al., 1986b; Spier et al.,
1986; Medeiros et al., 1987). Patients with CLL often develop lym-
phadenopathy secondary to a small lymphocytic infiltrate that
histologically resembles SL. In a study of 16 patients with SL, the ten
patients with B lymphomas that expressed CD5 also were noted to have
a peripheral lymphocytosis of malignant CD5 B cells. This led the authors
of this study to classify CD5 as a marker for lymphomas associated with
CLL (Harris and Bhan, 1985a). A more recent and larger study of 48
patients, however, revealed that 14 of 32 patients (44%) with B cell SL
without associated leukemia had lymphoma cells that expressed the CD5
surface marker (Medeiros et al., 1987).

Included within the broad category of SL not generally associated
with peripheral lymphocytosis are the subtypes mantle-zone lymphoma
(MZL) (Weisenburger et al., 1982; van den Oord et al., 1986b; Weisen-
burger, 1986; Ellison et al., 1987; Samoszuk et al., 1986; Harris and
Bhan, 1985b), and intermediate lymphocytic lymphoma (ILL) or
intermediately differentiated lymphocytic lymphoma (Weisenburger,
et al., 1981, 1987; Jaffe et al., 1987; Burke et al., 1985). Strict mor-
phological criteria for MZL requires histological presence of clear-cut,
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reactive germinal centers surrounded by well-defined, broad, expanding
mantle zones of monoclonal B lymphocytes (Ellison et al., 1987). In con-
trast, ILL is characterized by atypical monoclonal expansions of small
lymphoid cells, with slightly irregular and indented nuclear contours
(Weisenburger et al., 1987). The histology of these lymphomas suggests
that they may be derived from malignant transformation of lymphocytes
normally residing within the marginal zone surrounding the germinal
center (van den Oord et al., 1986a). Although there is not universal agree-
ment concerning the origin of such cells (Harris and Bhan, 1985b;
Weisenburger, 1986; Manconi et al., 1987), it generally is agreed that
these tumors are B cell lymphomas that often express CD5.

VIl. CDS as a Marker for B Cell Activation

Several investigators have suggested that B cell expression of CD5 is
an indicator of B cell activation. This view was supported by studies
demonstrating that phorbol myristate acetate (PMA) can induce malig-
nant and normal CD5~ human B lymphocytes to express CD5 (Miller
and Gralow, 1984). PMA is a potent inducer of protein kinase C, and
has been used in many different systems to trigger cellular activation
and/or differentiation (Abb et al., 1979; Nagasawa and Mak, 1980;
Diamond et al., 1980; Ralph and Kishimoto, 1981; Nagasawa et al., 1981;
Cossman et al., 1982; LeBien et al., 1982; Nadler et al., 1982; Bertoglio,
1983; Weinstein et al., 1983; Yamasaki et al., 1983; Miyake et al., 1983;
Mastro, 1983; Aman et al., 1984; Nishizuka, 1984; Guy et al., 1985;
Wolf et al., 1985; Castagna, 1987; Harnett and Klaus, 1988). When
cultured with PMA at 10 ng/ml for 48 hours, approximately 50% of
the peripheral lymphocytes expressing the pan-B lymphocyte antigen
CD19 [Leu-12] also were noted to coexpress CD5 [Leu-1]. However, without
addition of PMA to the culture, fewer than 1% of the CD19-expressing
B cells coexpressed CD5. Examination of cell yields and viabilities
indicated that the change in the percentage of cells coexpressing CD5
and B cell surface markers could not be explained simply by the
outgrowth or differential survival of a subpopulation of CD5 B cells within
the culture. This finding has been corroborated by other investigators
(Hardy and Hayakawa, 1986; Youinou et al., 1986, 1987; Freedman et al.,
1987a). Highly purified splenic B cell populations with fewer than 1%
detectable CD5 B cells could be stimulated to express CD5 by treatment
with PMA, indicating that induction of CD5 expression does not require
accessory T cells or monocytes (Freedman et al., 1987a). Other surface
antigens associated with B cell activation (Tsudo et al., 1984; Clark et al.,
1985; Boyd et al., 1985a; Freedman et al., 1987b; Friedman et al., 1986;
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Crow et al., 1986), such as CD25 [anti-Tac (Waldmann et al., 1984; Boyd
et al., 1985b)] and CD23 [Blast-2 (Thorley-Lawson et al., 1985)], also
are induced by coculture with PMA. Together, these findings are inter-
preted to indicate that CD5 is a B cell activation antigen and that CDb
B cells are activated B lymphocytes (Freedman et al., 1987b, 1989).

Whether PMA can induce all B cells to express detectable levels of
CD5 is not resolved. Usually, the percentage of cells coexpressing CD5
and B cell surface antigens does not exceed 50% of the B cells stimulated.
This may reflect heterogeneity within the prestimulated population in
the ability of B cells to augment or acquire CD5 surface antigen expres-
sion. For example, PMA may increase the level of CD5 expression on
a subpopulation of cells, allowing for the detection of cells that previously
expressed undetectable levels of CD5. Alternatively, PMA may augment
CD5 antigen expression on all B cells (Hardy and Hayakawa, 1986). In
any case, it is noteworthy that populations of human lymphocytes that
have the highest initial proportions of CD5 B cells also generally have
the highest proportions of CD5 B cells subsequent to culture with PMA
(Youinou et al., 1986; Hara et al., 1988).

That PMA can induce CD5 expression on human B cells, however,
does not prove that CD5 is a marker for activated B cells. Indeed, PMA
treatment results in enhanced surface expression of a variety of surface
antigens on both T and B lymphocytes that are not considered markers
of cellular activation (Kikutani et al., 1986b; Hardy and Hayakawa, 1986;
Noonan et al., 1987). More importantly, B lymphocytes do not express
enhanced levels of CD5 when when activated by treatment with anti-Ig
(Freedman et al., 1987a), Staphylococcus aureus protein A (Hardy and
Hayakawa, 1986), pokeweed mitogen (Miller and Gralow, 1984),
Epstein-Barr virus (EBV) (Youinou et al., 1986, 1987), E. coli LPS
(Hayakawa et al., 1984), purified or recombinant ILs (Freedman et al.,
1989), or anti-Ig plus media conditioned by phytohemagglutinin (PHA)-
stimulated T cells (Kikutani ez al., 1986a). Thus, activation of human
B cells by selective methods does not stimulate B cells to express higher
levels of CD5. Although treatment with LPS may augment the expres-
sion of CD5 on some CD5-expressing murine B cell tumors (Ovnic and
Corley, 1987), none of the measures commonly used to activate murine
B lymphocytes, including treatment with LPS or phorbol esters, induces
CD5~ murine B cells to express CD5 (Hayakawa et al., 1984; Hardy
and Hayakawa, 1986). Together, these data argue that CD5 B cells are
not simply activated B lymphocytes.

Another argument used to support the concept that CD5 B cells are
activated B cells is derived from studies examining the response of B cell
subpopulations to exogenous agents. CD5 B cells apparently respond to
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exogenous cytokines and phorbol esters differently than CD5~ B cells.
Murine splenocytes, for example, generally are not stimulated by phorbol
ester to initiate DNA synthesis without a second signal, such as that pro-
vided by a calcium ionophore. Populations of peritoneal B lymphocytes
enriched with CD5 B cells, however, incorporate tritiated thymidine after
treatment with phorbol esters without the need for a second signal (Roth-
stein and Kolber, 1988). In humans there exists apparent heterogeneity
between B cells in their ability to respond to BCGFs. Small (and
presumably resting) B cells respond to low-molecular-weight BCGF (of
18-20 kDa) only in the presence of anti-IgM antibody, whereas large
(and presumably preactivated) B cells respond to this BCGF even in the
absence of anti-IgM antibody (Muraguchi et al., 1983; Dugas et al.,
1985). Tonsillar and peripheral blood B cells also are heterogeneous with
respect to their response capacities to the high-molecular-weight BCGF
of approximately 50 kDa (Ambrus et al., 1985). CD5 B cells apparently
initiate DNA synthesis in response to this factor alone, while small
(presumably CD5~) B cells require prestimulation with anti-IgM
antibodies in order to respond substantially to this factor (Richard et al.,
1987). The tonsillar cells responsive to high-molecular-weight BCGF
without anti-IgM also coexpressed 4F2, a surface antigen associated with
activated cells (Haynes et al., 1981). Through inference, it was reasoned
that CD5 and 4F2 were coexpressed by a subpopulation of “activated”
tonsillar B cells able to respond to high-molecular-weight BCGF without
supplemental stimulation. However, CD5 B cells inherently may respond
differently to exogenous cytokines and phorbol esters because they have
a distinctive physiology. Consistent with this notion, stimulation of B
lymphocytes with any of the different agents that provide the “first signal”
(i.e., anti-IgM or calcium ionophore) does not induce CD5~ B cells to
coexpress CD5 (discussed above). Thus, one cannot conclude from such
studies that CD5 B cells are a subpopulation of activated normal B cells.
Finally, flow-cytometric analyses of murine CD5 B cells using simul-
taneous two-color surface immunofluorescence and the fluorescent dye
7-amino-actinomycin D (7AAD) also apparently provided support for the
notion that CD5 is a marker for activated B cells (Rabinovitch et al.,
1986). Cell staining with the latter supposedly is dependent on the
chromatin conformation, activated cells having greater 7AAD fluorescence
than nonactivated cells. Analyses of SM/]J, NZB, or BALB/c mouse
splenocytes demonstrated that cells coexpressing CD5 and sIgM had greater
7AAD fluorescence than sIgM-bearing cells that were CD5 . From their
studies, these authors concluded that the CD5 B cell subpopulation was
enriched for cells in the S or G3-M phase of the cell cycle, and that the
CD5 ~ subpopulation was composed of essentially nondividing cells.
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However, subsequent and more direct study of BALB/c or NZB
lymphocyte populations that were enriched for CD5 B cells demonstrated
that less than 2% of CD5 B cells #n vivo normally are found in the S
and G; phases of the cell cycle (Forster and Rajewsky, 1987). As such,
either a few cells within the CD5 B cell population are dividing rapidly
or all CD5 B cells are cycling at a slow rate. Nevertheless, these studies
indicate that the vast majority of CD5 B cells are in the resting Gy
or G, stage of the cell cycle and thus most likely are not activated B

lymphocytes.

VIil. CD5 B Cells Define a Distinct B Cell Lineage

Early work examining the ability of adult bone marrow allografts to
reconstitute B cells in lethally irradiated mice indicated that the CD5
B cell may constitute a lineage distinct from CD5~ B lymphocytes. By
transplanting cells from Ig allotype-congenic donor mice, the B lympho-
cytes within the host can be identified as being of either host or donor
origin. Using these methods in conjunction with multiparameter flow-
cytometric analyses, it was demonstrated that the lymphoid populations
of mice reconstituted with adult bone marrow had virtually no CD5
B cells of donor origin (Hayakawa et al., 1985; Herzenberg et al., 1986).
On the other hand, such reconstituted animals had high proportions
of CD5~ B cells in the spleen that were of donor origin.

That donor CD5 B cells could grow in an Ig allotype-congenic environ-
ment was demonstrated in transplantation experiments using donor
populations enriched for CD5 B cells. Transfer of neonatal bone marrow
or splenocytes into lethally irradiated mice allowed for the emergence
of CD5 B cells of donor origin (Hayakawa et al., 1985). The neonatal
cells responsible for transfer of CD5 B cells did not necessarily coex-
press sIg or CD5 and likely represented CD5 B cell progenitors. Transfer
of lymphocytes from the adult mouse peritoneum, on the other hand,
also resulted in the colonization of donor-type CD5 B cells within
irradiated recipient mice. In contrast to the CD5 B cell progenitors in
neonatal spleen, however, the peritoneal cells responsible for transfer
of donor-type CD5 B cells to irradiated recipients coexpressed both sigM
and CD5 at the time of cell transfer (Hayakawa et al., 1986b). Furthermore,
x light chain-expressing CD5 B cells reconstituted x light chain-
expressing CD5 B cells, and x light chain-negative CD5 B cells recon-
stituted \ light chain-expressing CD5 B cells. As such, CD5 B lymphocytes
in the adult mouse peritoneum apparently constitute a self-renewing
cell subpopulation.

Further support for this concept was provided by adoptive transfer
studies of peritoneal lymphocytes injected into allotype-congenic neonatal
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mice (Forster and Rajewsky, 1987). Peritoneal B lymphocytes from CB.20
adult mice of the IgHP allotype were found to propagate in neonatal
BALB/c mice expressing the IgH? allotype. Survival of the transferred
cells was not dependent on the presence of donor T cells in the transferred
cell population. However, the source of the donor lymphocyte popula-
tion was critical in that bone marrow-derived lymphocytes from adult
animals could not colonize such neonatal recipients. Dual immuno-
fluorescence studies demonstrated that most, if not all, of the IgHb
allotype-expressing cells in the recipient mice expressed CD5 [53-7.3]
but not CD8 [53-6.7]. In fact, CD5 B cells expressing the IgHP allotype
accounted for over half of the peritoneal CD5 B cells of recipient mice
several months after cell transfer. These animals also had elevated levels
of serum IgM that increased over time. Interestingly, at 20 weeks after
cell transfer, nearly 50% of the serum antibody was of the IgHP allotype,
suggesting that CD5 B cells may be a major source of serum IgM
antibody. Recipient animals produced antigen-specific IgM antibodies
of the IgHP allotype in response to thymus-independent antigens, such
as a(l — 3) dextran, but not in response to thymus-dependent antigens.
In total, these studies strengthen the hypothesis that the CD5 B cells
form a distinct B cell lineage.

1X. CD5 B Cells after Human Bone Marrow Transplantation

Unlike the mouse, adult human bone marrow apparently contains
cells that may reconstitute the CD5 B cell population. Following bone
marrow transplantation, most circulating B cells have been reported to
express CD5. This was first indicated by a serial study of four acute
myelogenous leukemia patients who received bone marrow transplants
(Ault et al., 1985). When in clinical remission, the patients were treated
with cytosine arabinoside and whole-body irradiation. One patient
received bone marrow from an identical twin donor. The other three
patients received HLA-matched sibling marrow allografts depleted of
donor T cells using anti-CD5 Mab [Leu-1] and complement. These three
patients also were given methotrexate in prophylaxis against graft-versus-
host disease (GVHD). One of these subsequently developed grade II acute
GVHD that successfully was treated with infusions of anti-CD5 Mab.
This patient, however, failed to produce detectable B lymphocytes in
the peripheral blood at any time after transplantion. The other three
patients all developed circulating B cells approximately 30 days after
transplantation. These B cells all coexpressed both CD5 and pan-B
lymphocyte surface antigens, such as CD19 [Leu-12]. Conventional
CD5~ B cells appeared in the peripheral blood 2-6 weeks later. CD5
B cells, however, remained the predominant B cell subpopulation for
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several weeks, accounting for over half of all the circulating B cells. In
a subsequent study, the same investigators examined the recovering B cells
of a heterogenous group of 46 patients who received bone marrow grafts
(Antin et al., 1987). Again, CD5 B cells accounted for more than half
of the circulating B lymphocytes in patients following bone marrow trans-
plantation. Recovery of CD5 B cells, however, was reduced significantly
in patients with acute or chronic GVHD, but apparently was unaffected
by patient age, disease, or ex vivo treatment of the marrow with anti-
CD5 Mab and complement. Thus, for longer than one year after bone
marrow transplantation, CD5 B cells constituted the predominant cir-
culating B lymphocyte subpopulation in patients without GVHD.

Conflicting results, however, were obtained in a study of 21 leukemic
patients who underwent allogenic bone marrow transplantation with
bone marrow depleted of T cells by treatment with anti-CD8 [RFTS8]
and anti-CD6 [RFT12] Mabs (Drexler et al., 1987). Although only five
of these patients had GVHD, the percentage of circulating lymphocytes
that reacted with anti-CD5 [RFT1] and an anti-pan-B Mab [RFB7] never
exceeded 2% from any one patient. Collectively, the average propor-
tion of lymphocytes that were CD5 B cells was not greater than that
of normal control subjects. From their data, these investigators concluded
that bone marrow transplant recipients actually may lack circulating
CD5 B cells. These authors suggested that the earlier studies described
above may have been artifactual secondary to nonspecific binding of
the IgG;, anti-CD5 Mab used [Leu-1]. However, these earlier studies
apparently were well controlled. Alternative explanations are possible.
For example, differences in the methods used for purging T cells from
the donor marrow or in the treatment of GVHD may influence the
relative proportions of CD5 B cells after bone marrow transplantation.
Resolution of this issue will require further study.

X. CD5 B Cell Physiology

A. AUTOANTIBODY PRODUCTION

The first indication that CD5 B cells may constitute a functionally
distinct subset of autoantibody-producing cells was presented by
Hayakawa and co-workers in the Herzenberg laboratory. These investi-
gators demonstrated that splenic CD5 B cells were enriched for spon-
taneous plaque-forming cells (PFCs) producing IgM antibodies to
isologous RBCs pretreated with the proteolytic enzyme bromelain
(Hayakawa et al., 1984). Previously, such PFCs to bromelain-treated
RBCs (brmRBCs) were detected among B cells from either the spleen
or the peritoneum of normal nonimmunized mice (Cunningham, 1974;
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Lord and Dutton, 1975; Pages and Bussard, 1975; Bussard et al., 1977;
Steele and Cunningham, 1978). The B lymphocytes responsible for these
PFCs were found to make IgM “autoantibodies” to self-erythrocyte mem-
brane antigens, more specifically trimethylammonium determinants or
phosphatidyl choline (PtC), exposed on senescent RBCs or normal RBCs
after treatment with bromelain (Pages and Bussard, 1978; Pages et al.,
1982; Cox and Hardy, 1985; Kawaguchi, 1987). The numbers of such
B lymphocytes are noted to increase with advancing age, reminiscent of
the age-related expansions of CD5 B cells discussed in Section V (Errington
and Cox, 1986). That these PFCs are in fact CD5 B cells is indicated
by cell-sorting experiments in which CD5 B cells were found to be
enriched and CD5~ B cells were found to be depleted of PFCs to
brmRBCs (Hayakawa et al., 1984).

CD5 B cells also were implicated in the pathogenesis of autoimmune
disease. Several mouse strains that develop autoimmune pathology have
elevated numbers of splenic and peritoneal CD5 B cells. NZB and related
strains characteristically produce high serum levels of pathological
autoantibodies reactive with autologous erythrocytes, thymocytes, and
single-stranded DNA (ssDNA) (Shirai and Mellors, 1971; DeHeer et al.,
1978; Izui et al., 1978; Andrews, et al., 1978; Smith and Steinberg, 1983;
Theofilopoulos and Dixon, 1985). The anti-DNA antibodies produced
by such animals are cross-reactive with a remarkable array of different
compounds, such as multiple polynucleotides, cardiolipin and other
phospholipids proteoglycans, and some intracellular proteins (Eilat, 1982;
Pisetsky, 1984; Schwartz and Stollar, 1985). That these antibodies are
produced by CD5 B cells was implied by the finding that NZB and related
mice have dramatically increased numbers of splenic CD5 B cells com-
pared to normal BALB/c mice (Hayakawa et al., 1983, 1984). Such mice
also have the highest percentages of CD5 B cells in the peritoneum of
several mouse strains tested, with 25-70% of NZB peritoneal cells coex-
pressing B cell surface antigens and CD5 (Hayakawa et al., 1986a).

That pathogenic autoantibodies may be produced by CD5 B cells in
NZB mice was suggested further by cell-sorting experiments in which
pure populations of CD5 B cells or CD5~ B cells were isolated for
in vitro culture (Hayakawa et al., 1983, 1984). In these experiments only
CD5 B cells were found to secrete IgM antibodies reactive with either
autologous T lymphocytes or ssDNA #n vitro. However, most, if not all,
of the splenic B cells that produced antibodies n vitro after in vivo
immunization with exogenous antigens were found in the isolated CD5~
B cell population. From such studies, these investigators postulated that
CD5 B cells constitute a functionally distinct B cell subpopulation
involved in autoimmune pathogenesis.

Other mouse strains genetically programmed to develop autoimmune
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disease also were found to have elevated numbers of CD5 B cells. Mice
homozygous for the viable motheaten (me”) or motheaten (me) gene(s)
located on chromosome 6 have severe autoimmune disease and a
markedly shortened life span (Green and Shultz, 1975; Shultz and Green,
1976; Rossi et al., 1985). These animals have hypergammaglobulinemia,
primarily resulting from elevated levels of IgM and IgGs antibodies
(Sidman et al., 1986), and high titers of IgM autoantibodies (Sidman
et al., 1984; McCoy et al., 1985). In addition, the sera contain high
concentrations of factors capable of stimulating B cell maturation
(Sidman et al., 1984) and/or activation (Sidman et al., 1985). Such factors
are produced by B cells (Sidman et al., 1984) and by large numbers of
activated macrophages (McCoy et al., 1984). Presumably secondary to
such factors, these animals have increased numbers of plasma cells in
the spleen, lymph nodes, lung and other organs, and reduced numbers
of circulating B cells (Sidman et al., 1978a,b; McCoy et al., 1985; David-
son et al., 1979; Rossi et al., 1985). Almost all of the B cells from
C57BL/6 (me/me) mice are large by forward-angle light scatter and coex-
press normal to high levels of sIgM, low levels of sIgD and CD5, and
thus phenotypically are CD5 B cells (Sidman et al., 1986).

In contrast, some strains which lack detectable CD5 B cells are
immunodeficient. CBA/N mice are immunodeficient secondary to a
gene(s), designated x¢d, located on the X chromosome (Berning et al.,
1980; Cohen et al., 1985a,b). These mice are deficient in mature B lym-
phocytes, nonresponsive to soluble polysaccharides (type 2 antigens) and
PtC on any carrier, and hypogammaglobulinemic, particularly with
respect to IgM (Amsbaugh et al., 1972; Scher et al., 1973, 1975a,b; Mond
et al., 1977; Kincade, 1977; Huber et al., 1977; Ahmed et al., 1977).
In addition, CBA/N mice have depressed numbers of cells in the spleen
or the peritoneum that spontaneously form plaques with isologous
brmRBCs (Rosenberg, 1979). That the CD5 B cell may regulate or
provide for some of these immune functions was suggested when CBA/N
mice were found to be devoid of detectable CD5 B cells in the spleen
(Hardy et al., 1983) and the peritoneum (Hayakawa et al., 1986a;
Herzenberg et al., 1986). These mice, however, may develop CD5 B cells
if reconstituted with autologous bone marrow after treatment with the
immunosuppressant cyclosporine A (de la Hera et al., 1987), indicating
that precursors for CD5 B cells may exist in CBA/N mice. Such treat-
ment also may enhance the numbers of spontaneous brmRBC PFCs
detected in the spleen and the peritoneum of such animals.

In order to examine the effects of the xid and me mutant genes together
in the same animal, the me gene first was bred into NFS and C8H/HeN
mice, resulting in new strains of mice that had a motheaten phenotype
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similar to that of C57BL/6 (me/me) mice (Scribner et al., 1987). The
xid gene then was bred into such (me/me) mice. The survival of (me/me)
homozygous mice was not altered by the introduction of the xid gene.
However, compared to mice of the same genetic background that lack
the xzd gene(s), (me/me) animals carrying the x7d gene(s) had markedly
reduced levels of circulating IgM autoantibodies to ssDNA, selfT lympho-
cyte surface antigens, and isologous brmRBCs (Scribner et al., 1987).
Furthermore, NFS (me/me) xid mice did not have detectable CD5 B cells
in the spleen, in contrast to NFS (me/me) mice, in which greater than
80% of the splenic B cells were noted to express CD5. As such, either
the xid gene(s) or a closely linked gene(s) may suppress CD5 B cell
development and the associated production of IgM autoantibodies.

Whether CD5 B cells are responsible for production of pathogenic
autoantibodies, however, remains controversial. Using a 3T3 fibroblast-
filler cell-supported cloning system (Pike and Nossal, 1985), sorted splenic
or peritoneal B cells were stimulated with LPS and then distributed into
separate wells of 60-well Terasaki trays at one to 600 cells per well. After
several days’ culture, supernatants from individual wells were assayed
via enzyme-linked immunosorbent assay for nonspecific mouse Ig and
specific anti-DNA or anti-fluorescein isothiocyanate (FITC) Ig. Using
the Poisson equation, the total number of antibody-forming cells (AFCs)
and the numbers of AFCs producing anti-DNA or anti-FITC antibodies
were calculated. In agreement with earlier studies on splenocytes from
normal mouse strains (Pisetsky and Caster, 1982), splenocytes of three
normal mouse strains (i.e., CBA, BALB/c, and C57BL/6) and the
autoimmune NZB strain were found to have relatively high proportions
of AFCs reactive with denatured DNA. Generally, the numbers of anti-
DNA AFCs exceeded the numbers of anti-FITC AFCs by 2:1 or 3:1.
Curiously, populations enriched for CD5 B cells (i.e., CBA peritoneal
cells or NZB splenocytes) did not have increased frequencies of anti-
DNA AFCs compared to populations with few detectable CD5 B cells
(i.e., BALB/c splenocytes). Furthermore, in limited cell-sorting
experiments, isolated CD5~ B lymphocytes from NZB spleen were
found to have greater proportions of anti-DNA AFCs than that of
separated NZB CD5 B cells (Conger et al., 1987).

That the population of CD5 B cells may not be enriched for cells pro-
ducing anti-DNA autoantibodies also is supported by recent studies
examining the antibodies produced by hundreds of hybridomas derived
from splenocytes or peritoneal B lymphocytes of BALB/c or NZB mice
(Kaushik et al., 1988). Although many of the hybridomas generated from
peritoneal cells of either strain produced Mabs that reacted with
brmRBCs, none produced Mab with anti-DNA or anticytoskeletal protein
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autoreactivity. Furthermore, although splenic B cells have proportionately
fewer CD5 B cells, several hybridomas derived from fusion with splenic
B lymphocytes of either strain produced Mabs reactive with DNA and
self-cytoskeletal proteins.

Fusion of splenocytes from CD5 B cell-enriched motheaten viable
mice, however, yielded proportionately greater numbers of hybridomas
producing anti-DNA and other autoantibodies, compared to hybridomas
derived from fusion of spleen cells from other mouse strains. LPS-
stimulated splenocytes from 1- and 2-month-old C57BL/6 me¥ mice
were fused with Sp2/0, to generate Mab-producing hybridomas (Painter
et al., 1988). Although the numbers of clones generated were small com-
pared to the numbers of splenocytes fused, greater than 50% (17 of 33)
of the hybridomas produced autoantibodies reactive with syngenetic
thymocytes, erythrocytes, kidney, skin, IgG, or other self-antigens. The
majority of these (11 of 16) demonstrated multispecificity for more than
one self-antigen. As such, the frequency of hybridomas producing multi-
specific autoantibodies (11 of 33) far exceeded that of hybridomas produced
by these same investigators from LPS-stimulated splenocytes of normal
BALB/c mice (two of 356) (Bellon et al., 1987) or normal C57BL/6 mice
not possessing the me? gene(s) (two of 144) (Mills et al., 1985).

C57BL/6 me¥ autoantibody-producing hybridomas were found to
utilize a variety of different Vi genes and a restricted set of V, genes
(Painter et al., 1988). The Vi genes utilized by each of 16 independent
autoantibody-producing hybridomas were studied by Northern blot
analyses and were found to be heterogenous. Three of these Vi genes
apparently belonged to the Vi J606 gene family, one to Vi X24, four
belonged to Vyy J558 subgroup, three were from Vg S107, two were from
Vy 7183, and three utilized a Vi gene cross-hybridizing with Vi X24
and Vy 7183 gene family probes. In contrast, autoantibody-producing
hybridomas generated from LPS-stimulated splenocytes of BALB/c mice
utilized primarily Vy genes belonging to Vi 7183, Viy QPC52, and Vy
7183 (Monestier et al., 1986), Vi gene families most proximal to the
Ig heavy-chain J gene segments (Yancopoulos et al., 1984; Yancopoulos
and Alt, 1986). An apparent restriction was noted, however, in the
antibody light-chain V genes expressed by C57BL/6 me?-derived
hybridomas. Of the V,, genes expressed by sixteen different hybridomas,
four were of the V,1 subgroup, another four were of the V,9 family,
two were of the V,4 subgroup, and another two were of the V, 19 family.
V, genes from these four V, gene subgroups frequently are used to
encode the light chain of mouse autoantibodies produced in other mouse
strains (Shlomchik ez al., 1986; Kasturi et al., 1988). From their data,
the authors reasoned that the heavy chains of the autoantibodies
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produced in C57BL/6 me” mice apparently are encoded by a random
assortment of Vy genes, similar to that observed encoding antibodies
obtained from LPS-stimulated lymphocytes from normal mouse strains
(Dildrop et al., 1985). However, the light chains of the such autoanti-
bodies apparently are encoded by a restricted set of V,, genes that com-
monly are associated with autoantibodies produced in other mouse
strains.

However, caution must be exercised in extrapolating from data
obtained from analyses of antibodies produced by hybridomas, as the
process of cell fusion may be nonrandom. An acknowledged problem
with the previously described study is the apparent bias introduced by
cell fusion. Perhaps because C57BL/6 me® mice produce high amounts
of B cell maturation factors and primarily have mostly CD5 B cells, it
was not possible to obtain many hybridomas from fusion experiments
with splenocytes from these mice. That the small number of hybridomas
generated may not be representative of the entire population of C57BL/6
me’ B cells is indicated by the fact that no A\ light chain-producing
hybridomas were generated, even though almost one third of the total
me?-derived serum IgM antibodies have X\ light chains (Sidman et al.,
1986). Thus, the B cells amenable to cell fusion may not be represen-
tative of the entire B cell population.

Another important question is whether antibodies produced by CD5
B cells from autoimmune strains of mice differ from the antibodies
expressed by CD5 B cells from normal mice. Multiparameter flow-
cytometric analyses of whole lymphocyte populations using fluorochrome-
conjugated antigen suggest that the spectrum of autoantibodies expressed
by CD5 B cells from normal mice actually may differ from that of CD5
B cells present in motheaten mice. Using fluorescent liposomes com-
posed of synthetic distearoylphosphatidyl choline to label cells express-
ing antibody reactive with PtC, it was found that 5-15% of peritoneal
lymphocytes from normal adult B10.H-22H-4> p/ Wts mice were reac-
tive with PtC (Mercolino et al., 1988). Virtually all of the PtC-reactive
cells were large by light scatter and coexpressed bright sIgM, dull sIgD,
and CD5 [53-7.3]. As such, these cells phenotypically were CD5 B cells.
Included in the population of CD5 B cells reactive with PtC were essen-
tially all of the precursors to cells that, upon LPS stimulation, secrete
antibody hemolytic for brmRBCs. However, motheaten mice were found
to have very low frequencies of PtC liposome-binding cells within the
peritoneum, despite having proportionately large numbers of CD5 B
lymphocytes. Whether this discrepancy relates to differences in the fine
specificities of antibodies produced by CD5 B cells from motheaten mice
compared to those of BALB/c mice is unresolved.
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In humans, CD5 B cells apparently are enriched for cells producing
IgM autoantibodies. Earlier studies indicated that the human peripheral
B cells that rosette with MRBCs were enriched for cells that synthesize
IgM anti-IgG autoantibodies [rheumatoid factor (RF)] after stimula-
tion with EBV (Fong et al., 1983). That such B lymphocytes likely were
CD5 B cells was indicated by EBV transformation experiments on sorted
CD5* and CD5~ B cell populations isolated from the peripheral blood
of normal volunteers that recently were vaccinated with tetanus toxoid
(TT) (Casali et al., 1987). Analyses of the resulting lymphoblastoid
colonies revealed that many produced antibodies reactive with TT.
Colonies producing IgM antiTT were derived primarily from the
transformed CD5 B cell population, while clones synthesizing IgG anti-TT
were generated from the CD5~ B cell subset. In addition, many of the
lymphoblastoid colonies derived from transformed CD5 B cells produced
IgM antibodies with low affinity for ssDNA or for the Fc of IgG (RF)
(Casali et al., 1987). Although not elaborated on in the text, many of
these autoantibodies were polyreactive with a wide array of compounds.
In contrast, none of the lymphoblastoid colonies derived from
transformed CD5~ B cells produced such IgM autoantibodies.
Although these studies may be difficult to interpret secondary to the
bias that transformation with EBV may introduce, studies performed
independently on freshly isolated B cells of normal individuals or from
patients with rheumatoid arthritis (RA) supported the notion that CD5
B cells are enriched for cells producing IgM autoantibody (Hardy et al.,
1987). After stimulation with S. aureus Cowan I (SAC) cells, sorted CD5
B cells produced high levels of RF. In contrast, CD5~ B cells isolated
from the same individuals failed to produce RF, even after ¢n vitro
stimulation with SAC cells. Together, these observations indicate that
the CD5 B cells in both RA patients and normal individuals are enriched
for cells capable of synthesizing RF and perhaps other autoantibodies.

CLL B cells also may share with normal CD5 B cells the capacity
to express autoreactive IgM antibodies, particularly RFE. Thirteen of 65
patients (20%) with CLL were noted to have leukemic cells that formed
rosettes with human IgG-coated autologous erythrocytes (Preud’homme
and Seligmann, 1972). Moreover, in a limited study of 13 patients, four
(80%) were found to express sIgM capable of binding fluorescein-
conjugated human IgG (Kipps et al., 1987b). These observations are
supported by more recent studies on IgM antibodies secreted by leukemic
B cells after stimulation with pokeweed mitogen (Sthoeger et al., 1989).
In this analysis, 53 % of the 17 antibody-producing leukemic cell popula-
tions secreted IgM reactive with IgG, ssDNA, or double-stranded DNA
(dsDNA). In total, these studies indicate that the antibodies produced
by leukemic CD5 B cells often have reactivity for self-antigens.
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B. HELpErR B CELL ACTIVITY

Studies by Okumura and colleagues first indicated that there may
exist a functional subset of CD5 B cells with apparent immunoregulatory
activities (Okumura et al., 1982). Thy-1~ hapten-primed splenic B cells
require T cells from carrier-primed mice to produce antihapten
antibodies in response to the hapten-carrier conjugate in vitro. When
such splenic B cells were depleted of CD5-bearing lymphocytes, using
anti-CD5 Mab Ly-1 [53-76.6] and complement, the number of added
carrier-primed T cells required for an optimal antibody response increased
significantly. Addition of Thy~ B lymphocytes from nonprimed donor
mice to the cultures, however, significantly augmented the antihapten
antibody production, particularly when the numbers of added carrier-
primed T cells in the culture were limiting. The ability of the nonprimed
B lymphocytes to facilitate hapten-specific antibody production was
abrogated by removal of the 2-3%, of the splenic nonT cell population
that expressed CD5. This helper activity required that the nonprimed
B cells be syngeneic with the hapten-primed B cells at the Ig Vi gene
locus.

Functional studies of murine CD5 B cells were extended using an in witro
model system to examine the secondary antibody response of hapten-
primed C57BL/6 B splenocytes to a hapten, 4-hydroxy-3-nitrophenyl
acetyl (NP), coupled to Ficoll, a T cell-independent carrier (Sherr and
Dorf, 1984). Generation of PFCs producing anti-NP antibodies bearing
the major IgHP®-linked idiotypic determinants, designated NP®, was
reduced significantly if T cell-depleted splenocytes also were depleted
of CD5-bearing lymphocytes. Generation of NPP idiotype PFCs could
be restored by adding nylon wool-adherent and Thy-1~ B cells from
normal or athymic mice. B cells responsible for this helper activity in
the donor B cell population were designated By cells. Priming the By
cell donor mice with antigen was not required. However, the donor mice
had to be syngeneic with C57BL/6 mice at both the IgVy region and
the I-A locus of the major histocompatibility complex (MHC) in order
to provide effective By cells (Sherr and Dorf, 1984, 1985).

The restriction of By cells for interacting only with cells that share
identity at the Vy gene locus may be related to the specificity of the
response measured, i.e., generation of antibodies bearing NP? idiotype
in response to the hapten NP. Antibodies bearing NPP idiotype in
C57BL/6 mice are A light chain-bearing molecules with variable regions
apparently encoded by a single pair of V; and Vy genes that have not
diversified from the germ-line DNA (Reth et al., 1978, 1979; Bothwell
et al., 1981, 1982). Studies examining the immune response against NP?
idiotope(s) demonstrated that the expression of NP idiotope and its
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association with NP-binding activity are strain specific (Takemori et al.,
1982). Such strain specificity apparently reflects the polymorphism seen
in inbred strains of mice within the Ig V region, resulting in genetic
differences in the inherited germ line-encoded antibody repertoire.

These By cells were presumed to be CD5 B cells. Such cells are resis-
tant to treatment with anti-Thy-1 and complement, nonadherent, and
depleted by treatment with anti-CD5 [53-76.6] and complement (Sherr
and Dorf, 1984). Furthermore, mice that have elevated numbers of splenic
CD5 B cells, such as viable motheaten mice, discussed in Section X,A
(Sidman et al., 1986), also have elevated numbers of splenic By cells
(Sherr et al., 1987D).

The By cells active in this system apparently express sigM/sIgD with
A but not x light chains. Pretreatment of the cell population contain-
ing By activity with complement and antibodies specific for IgM [78/25
(Stall and Loken, 1984)], IgD [AFG/222.5 (Stall and Loken, 1984)] or
A light chain [JC5.1], but not x light chain [187.1 (Yelton et al., 1981)]
depleted the population of detectable By activity (Sherr and Ju, 1986).
Furthermore, nylon-adherent Thy-1.2~ cell populations could be
enriched for By activity by selecting for cells adhering to anti-\ light
chain-coated petri dishes. This finding suggested that the By cells
express a repertoire of Ig molecules distinct from that of conventional
B lymphocytes for which expression of immunoglobulin with » light
chains is predominant.

For unexplained reasons, augmentation of the NPY idiotypic antibody
response was abrogated by pretreatment of the By cell population with
complement and antibodies specific for CD4 [GKI.5 (Dialynas et al.,
1983), 2B6 (Logdberg et al., 1985; Wassmer et al., 1985)] or CDlla
[LFA-1, M17/5.1.4 (Sanchez-Madrid et al., 1982; Davignon et al., 1981)]
but not CD11b [MAC-1], indicating that lymphocyte function-associated
antigens also may play a role in By cell-dependent helper activity (Sherr
and Ju, 1986). However, as discussed earlier, CD5 B cells do not coex-
press detectable amounts of CD4 by sensitive flow-cytometric analyses.

The helper activity provided by such cells apparently consists of at
least two components. One of these is antiidiotypic immunoglobulin and
another is a late-acting B cell maturation factor (Sherr et al., 1987b).
Previously, it was noted that By cells may produce antiidiotypic
antibodies capable of binding anti-NP antibodies bearing NP? idiotypic
determinants, even though they were derived from donor mice that were
not primed with antigen (Sherr and Dorf, 1984). To investigate this
further, hybridomas were generated from splenic By cells by fusion with
750-6, a C3H-derived B lymphoblastoid cell line (Sherr et al., 1987a).
Hybridomas were selected that produced IgAN antiidiotypic antibodies
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specific for NP? idiotypic determinants. Media conditioned by such
hybridomas could substitute for By cells in the cultures of hapten-
primed CD5 B cell-depleted lymphocytes to achieve comparable levels
of NP? idiotype expression in response to NP-Ficoll. Such conditioned
media evidently contained two discrete factors that were required for
stimulation of NPP idiotypic antibody production in these cultures. One
factor was anti-NPP® idiotypic antibody, and the other was a nonanti-
body cytokine of undetermined molecular weight. Antiidiotypic
antibodies had been noted to enhance the proliferative cell and PFC
capacity of idiotype-bearing B cells cultured with suboptimal concen-
trations of functionally efficient T helper cells by other investigators
(Pereira et al., 1986a) (discussed further in Section XVI). Also, neoplastic
CD5 B cell lines, such as BCL,, have been noted to secrete soluble
factors that stimulate B cell growth and differentiation (Brooks et al.,
1984). Together, these data suggest that the immunoregulatory poten-
tial of CD5 B cells may be mediated by an unidentified cytokine(s) and
secreted antibody with anti-Ig reactivity.

Studies of humans, testing whether CD5 B cells could augment Ig
secretion by conventional B cells in the presence of suboptimal numbers
of T cells, failed to demonstrate any enhancing activity (Antin et al.,
1986). Whether this indicates a true distinction between human and
mouse CD5 B cells is not clear. To be sure, the studies of humans were
performed using fetal CD5 B cells that were tested for their ability to
augment the primary antigen response to antigens #n vitro. Studies in
mice, on the other hand, examined the ability of CD5 B cells from adult
mice to augment IgG antibody secondary antibody responses in vitro.

That the human CD5 B cells may have immunoregulatory function,
however, is indicated by work by MacKenzie and colleagues, who exam-
ined for immunoregulatory cells in multiple myeloma (MM). This
malignancy often is associated humoral immune dysfunction (Cone and
Uhr, 1964; Fahey et al., 1963; Cwynarski and Cohen, 1971; Pilarski et al.,
1984; MacKenzie et al., 1987; Paglieroni et al., 1988). Some patients
with MM have peripheral blood cells that can suppress the in vitro
antibody synthesis of pokeweed mitogen (PWM)-stimulated normal PBLs
from unrelated donors (Paglieroni and MacKenzie, 1977, 1980). These
cells apparently form rosettes with human IgG-coated human RBCs
(EA). PWM-stimulated cultures of PBLs produced two thirds to one
half as much antibody when mitomycin C-treated EA* cells from MM
patients were added to the cultures within 2 hours after mitogen stimula-
tion (MacKenzie et al., 1987). Media conditioned by such EA* MM
cells also could suppress the PWM-induced antibody secretion by normal
PBLs. This suppression was mediated by a factor of 10-20 kDa that was
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trypsin sensitive and nuclease resistant. In contrast to other factors that
act late after mitogen stimulation (BichThuy et al., 1984), suppression
by EA* cells requires early addition of cells or conditioned media to
the PWM-stimulated cultures. The EA* cells producing this factor were
nonadherent and negative for nonspecific esterase. Also, these
immunoregulatory cells were not stimulated to proliferate or produce
antibody in response to PWM or PHA. Using sensitive flow-cytometric
analyses, these investigators demonstrated these cells to coexpress low
levels of sIgM and CD5 [Leu-1], in addition to CD19 [Leu-12], low-density
CD20 [Leu-16], CD21 [B2, HB-5 (Tedder et al., 1984)], CD22 [Leu-14],
and HLA-DR and -DQ [Leu-10] (MacKenzie et al., 1987). These cells,
however, did not express T cell-associated antigens CD8 [Leu-2], CD4
[Leu-3], CD3 [Leu-4], or CD2 [Leu-5]; NK cell-associated antigens CD16
[Leu-11} or Leu-7; monocyte-associated antigen CD15 [Leu-Ml]; or the
early B progenitor antigen CDI0 [J5, CALLA]. These cells phenotypically
resembled CD5 B cells. Interestingly, although isolated from the
peripheral blood of patients with monoclonal B cell malignancies, the
cells from any one patient were not monoclonal with respect to Ig light-
chain expression. Regulatory cells from any one patient were noted to
express either » or N Ig light chains. This indicates that these
immunoregulatory cells probably are not derived from the malignant
myeloma cell clone.

Patients with CLL may have leukemic CD5 B cells with
immunoregulatory activity. One patient with severe hypogammaglobu-
linemia had leukemic CD5 B cells that suppressed PWM-induced Ig
synthesis of normal PBLs by over 80% (Paglieroni et al., 1988). Like
most CLL cells, these leukemic cells coexpressed CD5 [Leu-1], CD19
[Leu-12], CD20 [Bl], and HLA-DR, but not CD10 [J5], CD21 [B2], CD22
[Leu-14], CD25 [Tac, p55 chain of the receptor for IL-2 (Waldmann
et al., 1984)], or PCA-1. Suppression of Ig synthesis by normal PBLs
apparently was mediated by a protease-sensitive but nuclease-resistant
factor of approximately 10-20 kDa (Paglieroni et al., 1988). Another
patient with B cell CLL was noted to have leukemic cells that apparently
secreted BCGF upon stimulation with anti-IgM (Kawamura et al., 1986).
This factor did not induce proliferation of nonstimulated or PHA-
stimulated T cells. However, this BCGF induced the proliferation of B cell
blasts that previously had been stimulated by treatment with anti-IgM
antibodies or SAC. BCGF also could induce proliferation of autologous
leukemic cells that had been prestimulated with anti-IgM antibody,
indicating that such a factor could operate in an autocrine fashion on
leukemic CD5 B cells expressing antigen or self-reactive sIg. This may
not apply to all leukemic CD5 B cell populations, however. Other
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investigators, for example, have reported that CLL B cells have impaired
responsiveness to T cell-derived BCGF, even after prior stimulation with
anti-IgM antibodies (Perri, 1986). Such discrepancies suggest that
leukemic CD5 B cell populations from different patients may have dif-
ferent functional activities.

C. MonNocYToID FEATURES

B cells and monocyte/macrophages may share a curious developmental
relationship. Certain myeloid cell lines produce immunoglobulin 4 chain
constant-region gene transcripts, suggesting that they originated from
precursor cells of the B lineage (Kemp ez al., 1980). Other studies
demonstrate that certain pre-B cell lines may differentiate into monocytes
or macrophages. One such line is ABLS 8.1, a pre-B cell tumor with
rearranged Ig heavy-chain genes that was derived from a BALB/c mouse
infected with Abelson leukemia virus (Sklar et al., 1975; Cory et al.,
1980). When treated with the demethylating drug 5-azacytidine, these
cells differentiate into functional macrophagelike cell lines (Boyd and
Schrader, 1982). Similarly, a human pre-B cell line, RS4;11, derived from
a patient with acute lymphoblastic leukemia, can differentiate into a
phagocytic monocytoid cell line after treatment with PMA (Stong et al.,
1985). Although these examples may represent the lineage infidelity of
neoplastic cells (Smith et al., 1983), an alternative hypothesis is that
such cases represent a transient phase of limited promiscuity in gene
expression occurring in normal bipotential progenitor cells (Greaves
et al., 1986). The latter would argue that monocyte/macrophagelike cells
may be derived from a pre-B cell precursor that may be poised to undergo
Ig heavy-chain gene rearrangement.

More recent studies have indicated that certain pre-B cells capable
of developing along the myelocyte lineage in fact may be CD5 B cell
precursors. Several pre-B cell lines capable of spontaneously differen-
tiating into macrophagelike lines coexpress CD5 (Holmes et al., 1986;
Davidson et al., 1988). A well-studied example is HAFTL-1, a cell line
derived from murine fetal liver cells transformed with v-Ha-ras (Holmes
et al., 1986). HAFTL-1 cells express CD5 [NEI-017] and B cell-associated
differentiation antigens Lyb-2 [10.1-D2 (Subbarao and Mosier, 1983)],
Ly-5 [B220, RA3-6B2 (Coffman, 1983)], Lyb-8 [CY-34-1.1 (Syming-
ton et al., 1982)], and Ly-17, the FcR [2.4G2 (Unkeless, 1979)]. They
also produce terminal deoxynucleotidyl transferase and have either
nonrearranged Ig heavy-chain genes or DJy rearrangements (Holmes
et al., 1986; Alessandrini et al., 1987). However, these cells lack
expression of ThB [53-9.2 (Ledbetter and Herzenberg, 1979)], CDllb
[MAC-1, M1l/70 (Springer et al., 1978, 1979)], Ia [10-3.6 (Oi et al.,
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1978)], and 6C3 (Pillemer et al., 1984). As such, HAFTL-1 cells resem-
ble early B cell progenitors, or pre-B cells. In contrast to bone marrow-
derived pre-B cells (Dasch and Jones, 1986) or pre-B cell lines (Paige
et al., 1978), however, HAFTL-1 could be induced by treatment with
LPS to express Ia and differentiate along either the
monocyte/macrophage or B cell pathway. In differentiating from lym-
phoidlike precursors into macrophages, HAFTL-1 cells lost surface expres-
sion of Lyb-8, Lyb-2, and the B cell-associated isoform of Ly-5, B220.
Instead, they expressed CDI11b, MAC-2 [M3/38 (Ho and Springer, 1982)],
and the 204-kDa monocyte-associated form of Ly-5 (Tung et al., 1981).
Consistent with this monocyte/macrophage surface antigen phenotype,
these cells also produced high levels of nonspecific esterase and lysozyme
and became phagocytic for latex beads (Davidson et al., 1988). Some
LPS-stimulated HAFTL-1 cells, however, differentiated further along
the B cell pathway to express ThB and higher levels of B220, rearrange
their Ig heavy-chain genes, and produce immunoglobulin gene
transcripts. Both macrophage and pre-B cell lines continued to coex-
press CD5. In each case, induced macrophages and pre-B cells were found
to share identical v-ras genomic integration sites, indicating a common
clonal origin for both macrophage and CD5 pre-B cell lines.

That mature Ig-expressing CD5 B cells may be derived from a common
myeloid-B cell progenitor is suggested by studies of a methylcholanthrene-
induced lymphoblastic B cell line, P388 (Nadler et al., 1983). This cell
line was found to express surface CD5 and to be related clonally to
a macrophage cell line, designated P388DI, derived from the same
animal. Together, these data suggest that there may exist a close develop-
mental relationship among monocytes, macrophages, and CD5 B cells.

B cells, and CD5 B cells in particular, also share several functional
properties with monocytes and macrophages. B cells coexpress class I1
MHC surface antigens and may serve, like macrophages, as antigen-
presenting cells (Chesnut and Grey, 1981; Glimcher et al., 1982; Issekutz
et al., 1982; Chesnut et al., 1982a,b; Grey et al., 1982; Walker et al.,
1982; Birmingham et al., 1982; Lanzavecchia, 1985). Monocytes and
macrophages are the primary source of IL-1, a polypeptide cytokine and
T cell mitogen that plays a pivotal role in inducing the cellular immune
response to infection, injury, or antigenic challenge (Mizel et al., 1978;
Kronheim et al., 1985; Dinarello, 1988). Several reports indicate that
normal peripheral B cells, as well as leukemic CD5 B cells, also may
synthesize IL-1 of 15-20 kDa that is biochemically and functionally
indistinguishable from that synthesized by monocytes and macrophages
(Durum et al., 1985; Pistoia et al., 1986; Matsushima et al., 1985;
Morabito et al., 1987). As discussed earlier, both normal and leukemic



THE CDb5 B cELL 143

CD5 B cells, in contrast to other B cells, may express low levels of myelo-
monocytic surface antigens, such as CD1lb, CDI14, and CD15. It is not
known whether expression of such surface antigens imparts peculiar func-
tional activities onto the CD5 B cell. However, it is interesting to note
that only those CD5 B leukemic cell populations found to express
myelomonocytic surface antigens produce IL-1 in wvitro, either spon-
taneously or after stimulation with LPS or LPS plus indomethacin
(Morabito et al., 1987). Whether the IL-1 produced by normal peripheral
B cells is the exclusive product of CD5 B cells within the population
of peripheral B cells is not known. However, it is tempting to speculate
that several of the above-mentioned B cell myeloid characteristics are
peculiar to the CD5 B cell.

Xl. Physiology of the CD5 Surface Antigen

Whether the CD5 surface molecule is important to the physiology of
the CD5 B cell will require resolution of the structure and function of
the CD5 surface molecule. Indeed, expression of CD5 on the surface
of these cells may be an epiphenomenon not intricately related to the
peculiar physiology of the CD5 B cell. In this case, characteristics other
than expression of CD5, such as Ig gene expression or helper B cell
activity, eventually may prove better suited to delineate the true CD5
B cell. On the other hand, delineating the function of the CD5 surface
molecule may lead to a clearer understanding of CD5 B cell physiology.

Most of the studies of the CD5 surface antigen have been performed
on T lymphocytes. Since the CD5 molecules expressed by B and T cells
appear to be biochemically similar (Fox et al., 1982), it is conceivable
that conclusions made from studies on CD5 expressed by T cells may
be extrapolated to apply for CD5 expressed by B lymphocytes. However,
some caution is warranted. Aside from expressing different levels of CD5,
T and B cells also express a different constellation of surface antigens.
Association of any of these surface antigens with CD5 may uniquely affect
the physiology of the CD5 surface molecule. Nevertheless, studies of the
function of this molecule expressed by T lymphocytes are reviewed here,
as they may be relevant to that of CD5 expressed by the CD5 B cell.

CD5 may function as a receptor molecule. This is indicated by studies
with anti-CD5 monoclonal antibodies. Such antibodies may affect the
physiology of T lymphocytes or cultured T cell lines. This was first demon-
strated by using a rat IgGy, anti-mouse CD5 Mab [« Ly-1 (Hollander
et al., 1981; Hollander, 1982)]. This Mab could augment cell prolifera-
tion and cytotoxic T cell generation when added to mixed-lymphocyte
cultures without complement. This effect required that the antibody
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be added during the first 24 hours of the mixed-lymphocyte reaction.
Addition of this Mab to the culture stimulated production of growth
factor(s) by the responding lymphocytes (Hollander et al., 1981). Subse-
quently, it was demonstrated that anti-CD5 Mab [53-7.3] induced
increases in cytosolic calcium concentration, cell surface IL-2 receptor
levels, and IL-2 production of thymocytes or T cell lines that previously
had been activated with suboptimal concentrations of PHA (Ledbetter
et al., 1987).

Anti-CD5 Mabs also can affect human lymphocytes. Addition of intact
IgG; [OKTI] or F(ab’); anti-CD5 Mab to mixtures of human B cells
and irradiated autologous CD4 T lymphocytes enhanced the genera-
tion of PFCs measured in a reverse hemolytic plaque assay (Thomas et al.,
1984). These antibody preparations had no significant effect on mix-
tures of B cells and autologous irradiated CD8 T lymphocytes. Anti-
CD?5 also stimulated cultures of CD4 T cells to produce helper factor(s)
capable of inducing B cell proliferation. Interestingly, the production
of such helper factor(s) required that the CD4 T cells be cocultured with
irradiated autologous non-T (E rosette-negative) cells (Thomas et al.,
1984). This suggests that either anti-CD5 stimulates CD4 T cells to
produce stimulatory factors that, in turn, induce nonT cells to produce
other helper factor(s) or that triggering of CD4 T cells by anti-CD5
requires an additional signal provided by a non-T cell (perhaps a CD5
B cell?). In addition, a number of different anti-CD5 Mabs apparently
may augment proliferation of PBLs and purified T cell preparations
after they have been preactivated with free or Sepharose-bound anti-
CD3 Mab [G19-4 (Ledbetter et al., 1985; Ceuppens and Baroja, 1986;
Geppert and Lipsky, 1988)].

Extensive evaluation of the physiological effects of anti-CD5 Mab was
performed on the Jurkat human T cell line by Ledbetter et al. (1986).
These investigators monitored changes in the levels of cyclic nucleotides,
cAMP and cGMP, and cytoplasmic calcium upon binding of the anti-
CD5 Mab to the cell surface. They demonstrated that anti-CD5 Mabs
caused an increase in cytoplasmic free calcium concentration within 3
minutes of the addition of antibody, accompanied by a rapid threefold
increase in cGMP levels. The levels of cAMP were unaffected. These
data suggest that both cGMP and cytoplasmic free calcium are involved
in signal transduction upon binding of the CD5 surface molecule to its
appropriate ligand.

Human cytolytic T lymphocyte (CTL) lines that do not express CD5
were compared with CD5* CTL lines to examine the functional
significance of the CD5 surface antigen (Bierer et al., 1988). In limiting
concentrations of anti-CD8 Mab, anti-CD5 Mab stimulated increases in
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cytoplasmic free calcium levels in CD5" CTLs, but not CD5~ CTLs.
As noted in earlier studies, anti-CD5 Mab alone had no effect. More
recently, a subclone of the Jurkat human T cell line was selected for
loss of the CD5 surface antigen. In the presence of anti-CD3 Mab linked
to Sepharose beads, anti-CD5 Mab stimulated IL-2 production of the
parent Jurkat cell line but not of the variant CD5~ Jurkat cell line
(Nishimura et al., 1988a). Retroviral-mediated gene transfer of CD5
cDNA into CD5~ Jurkat cells or CD5~ CTL lines restored CD5 surface
expression. Infected cells that expressed CD5 produced IL-2 in response
to anti-CD5 Mab added in the presence of suboptimal amounts of anti-
CD3 Mab.

These experiments indicate that the CD5 surface antigen most likely
is a cytokine receptor or a receptor-associated molecule. Speculation that
CD5 may serve as the receptor for IL-1 was stimulated by findings that
IL-1 and anti-CD5 Mab have similar activities in vitro (Ceuppens and
Baroja, 1986). Indeed, both IL-1 and anti-CD5 Mabs induce cell surface
expression of IL-2 receptors and IL-2 production by T cells preactivated
with anti-CD3 Mab bound to Sepharose beads (Williams et al., 1985;
Ledbetter et al., 1985; Ceuppens and Baroja, 1986).

However, functionally the IL-1 receptor and CD5 are not one and the
same. The stimulatory signal provided by anti-CD5 Mab apparently is
distinct from that provided by IL-1, in that the two together in culture
have additive effects in inducing T cell proliferation (Ledbetter et al.,
1985). In contrast to IL-1, anti-CD5 Mab does not enhance the prolifera-
tion of T cells preactivated with suboptimal concentrations of PHA
(Ledbetter et al., 1986; Ceuppens and Baroja, 1986). Furthermore,
although expression of CD5 apparently is restricted to lymphocytes, IL-1
receptors also have been found in the brain (Katsuura et al., 1988),
fibroblasts (Akahoshi et al., 1988a; Bonin and Singh, 1988), natural
killer-like cells (Lubinski et al., 1988), mammary and colon carcinoma
cell lines (Gaffney et al., 1988), cultured synovial cells (Chin et al., 1988),
and polymorphonuclear leukocytes (Rhyne et al., 1988). Moreover,
gluococorticoids, which hardly affect the level of CD5 surface membrane
expression, increase the surface expression of the IL-1 receptor on
peripheral lymphocytes, particularly B cells (Akahoshi et al., 1988b).

Isolation of the cDNA encoding human (Jones et al., 1986) or mouse
(Huang et al., 1987) CD5 has demonstrated the molecule to have struc-
tural features common to other receptor molecules encoded by members
of the Ig supergene family. The human CD5 has a large extracellular
segment of 347 amino acid residues, a short transmembrane region of
30 residues, and an intracellular domain of 93 amino acid residues. The
mouse molecule shares extensive homology with the human molecule
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in both amino acid constitution and deduced secondary structure (Huang
et al., 1987), confirming earlier predictions that the CD5 surface antigens
of mice and humans are homologs (Ledbetter et al., 1981).

Although the receptor for the IL-1 receptor molecule also is encoded
by a member of the Ig supergene family, it is distinct from CD5. Recent
studies have distinguished two types of IL-1, designated IL-1a: (Auron
et al., 1984) and IL-18 (Lomedico et al., 1984). Although they have
similar molecular weights and biological activities, these two types of
IL-1 have a markedly different primary structure and most likely a dif-
ferent tertiary structure (Priestle et al., 1988). Nevertheless, both IL-1«
and IL-13 molecules apparently bind to a single 70- to 80-kDa receptor
glycoprotein (Rhyne et al., 1988) with Kgs of 6.6 X 107! M and
4 X 10712 M, respectively (Chin et al., 1988). The cDNA encoding this
receptor glycoprotein in the mouse has been isolated (Sims et al., 1988).
From the nucleic acid sequence, one can deduce this receptor to have
a protein backbone of 65 kDa, with a 319-amino acid extracellular
portion, a 21-amino acid hydrophobic transmembrane segment, and a
217-amino acid cytoplasmic domain. Although the IL-1 receptor has
many structural features in common with other molecules encoded by
the Ig supergene family, including CD?5, it is clearly distinct from CD5.

It is possible, however, that coexpression of CD5 may influence the
binding activity of the IL-1 receptor for IL-1. Recent experiments have
increased speculation that the IL-1 receptor actually may be comprised
of two or more chains that together have higher or more selective
IL-1-binding affinities (Bird et al., 1987; Kroggel et al., 1988; Dinarello
et al., 1989). Through cross-linking studies, other protein chains of 23,
43, 110, and 220 kDa apparently may be associated with the IL-1 receptor
molecule. Because of the similarity in size of the cloned IL-1 receptor
and CD5, association of the IL-1 receptor with CD5 may not have been
apparent. However, recent data indicate that CD5, in fact, may influence
the binding activity of the IL-1 receptor (Nishimura et al., 1988b).
Mutant CD5~ Jurkat cells (discussed above) apparently do not respond
to or bind IL-1, even after prior stimulation with anti-CD3 Mab. However,
infection of these cells with a retroviral vector that restored CD5 surface
expression restored the ability of these cells to bind and internalize IL-1.
As such, CD5 may facilitate the binding activity of the IL-1 receptor
when coexpressed on the cell membrane.

The CDb surface molecule also may induce activation signals in CD5
B cells when attached to its specific ligand. The CD5 molecule expressed
by T cells is biochemically similar to the CD5 molecule expressed in
T or B cell CLL (Martin et al., 1981; Fox et al., 1982). Furthermore,
induction of CD5 antigen expression on human B cells with phorbol



THE CD5 B cELL 147

esters is associated with increased levels of mRNA complementary to
the T cell-derived CD5 cDNA (Freedman et al., 1987a). Finally, anti-
CD5 Mabs [SC-1, Leu-1] are noted to enhance the proliferation of purified
B cells isolated from the peripheral blood of rheumatoid arthritis patients
with high levels of circulating CD5 B cells, suggesting that anti-CD5
Mab may be weakly mitogenic for CD5 B lymphocytes (Hara et al., 1988).
These studies suggest that the CD5 molecule also may be a physiological
receptor molecule for the CD5 B cell.

Recent data suggest that CD5 may complex with other surface
molecules on the B cell surface. CD5 is reported to cap with anti-CD5
Mabs on the surface of leukemic cells from patients with CLL (Bergui
et al., 1988). Anti-CD5 Mab-induced capping results in comodulation
of CD21 [HB-5], the receptor for C3d (Weis et al., 1984; Fingeroth et al.,
1984; lida et al., 1983). However, such treatment with anti-CD5 did not
comodulate CD19 [B4], CD20 [BI], or sigM. Moreover, anti-CD21 Mab
induced comodulation of CD5. Subsequent to capping with either CD5
or CD21, leukemic cells no longer adhered to plates coated with C3d.
These data suggest that CD5 and CD2l may be associated on the
leukemic cell membrane, perhaps forming a complex receptor for com-
plement fragments. As CD21 generally is not expressed by T lymphocytes,
such a complex may endow the B cell surface-associated CD5 molecule
with a unique physiology. Also, coexpression of both CD21 and CD5
by the CD5 B cell may allow this cell type to respond differently to com-
plement fragments, or other soluble factors, than do B lymphocytes that
only express CD21.

XIl. Genetic Influence on the Relative Numbers of CD5 B Cells

Comparison of inbred mouse strains indicate that the level of CD5 B cells
may be under genetic control. As discussed in Section X,A, NZB and
(NZB X NZW)F; mice have increased numbers and frequencies of CD5
B cells in both the spleen and the peritoneum compared to other mouse
strains. The absolute numbers of splenic and peritoneal CD5 B cells also
vary among other inbred strains of mice. Most mouse strains, including
nude (nu/nu) mice and the autoimmune MRL mice (Murphy and Roths,
1978), have approximately the same low numbers of splenic CD5 B cells,
comprising roughly 2% of the total splenic B cells in the adult animal
(Hayakawa et al., 1983). Other mouse strains, such as CBA/N (discussed
in Section X, A), do not have detectable splenic CD5 B cells (Hardy et al.,
1983). Greater strain variation is seen in the proportions of peritoneal
cells that coexpress CD5. Some 10-359%, of peritoneal cells from BALB/c
and related strains are CD5 B cells. CD5 B cells represent only 5-20% of
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the peritoneal cells from CBA, NFS, CSW, C57BL/10, ATH, ATL,
or 129/Sv mice. In contrast, less than 1% of the peritoneal cells from
SJL and related strains are CD5 B cells. Backcross experiments between
SJL and BALB/c mice demonstrated that the gene(s) regulating the dif-
ferences in the levels of peritoneal CD5 B cells of these two strains seg-
regate independently from the Ig heavy-chain locus (Hayakawa et al.,
1986a). This is consistent with the backcross experiments described in
Section X, A, in which the introduction of the X chromosome-linked
xid gene(s) into C57BL/6 (me/me) mice resulted in marked reduction
in the number of detectable CD5 B cells (Scribner et al., 1987). Together,
these observations indicate that strain-specific variations in the CD5 B
cell level may be under genetic control.

In humans, the relative proportion of CD5 B cells circulating in the
peripheral blood also appears to be influenced genetically (Kipps and
Vaughan, 1987). Among normal young adults there exists heterogeneity
in the proportion of PBLs that coexpress B cell surface antigens and
CD5, such cells representing between 0% and 6% of PBLs. Despite such
discrepancies between unrelated persons, the level of circulating CD5
B cells for any one individual is constant over at least several months.
Studies of related family members indicated that the relative numbers
of circulating CD5 B cells segregated in a non-Mendelian fashion.
However, in contrast to ordinary siblings that may have disparate pro-
portions of circulating CD5 B cells, monozygotic twins or triplets share
identical CD5 B cell levels. These studies are consistent with the notion
that, as in inbred mouse strains, the relative numbers of CD5 B cells
are under multifactorial genetic control.

XIil. CD5 B Cells in Human Autoimmune Diseases

Persons with autoimmune diseases were speculated to have elevated
numbers of CD5 B cells (Hayakawa et al., 1984). Such speculation
originated from observations that the numbers of CD5 B cells are
increased in certain strains of mice, such as NZB, that genetically are
programmed to develop systemic autoimmune pathology. This resulted
in several studies investigating the levels at which CD5 B cells are found
in the peripheral blood of patients with autoimmune diseases. Several
such studies indicated that the levels of circulating CD5 B cells may be
elevated in patients with RA (Plater-Zyberk et al., 1985; Maini et al.,
1987; Lydyard et al., 1987; Taniguchi et al., 1987; Hardy and Hayakawa,
1986; Dauphinee et al., 1988; Hardy et al., 1987). However, patients
with systemic lupus erythematosus (SLE), an autoimmune disease that
most resembles the autoimmune pathology afflicting NZB mice, do not
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have elevated levels of CD5 B cells. For example, using fluorescence-
microscopic techniques, CD5 B cells were found to comprise an average
of 20% of the circulating B cells of RA patients compared to less than
5% of the B cells of normal controls or patients with SLE (Plater-Zyberk
et al., 1985). The average absolute numbers of circulating B cells,
however, were comparable among each of the three groups. Using more
sensitive flow-cytometric techniques, these investigators detected co-
expression of CD5 on a greater proportion of B cells from persons of
- all three groups. However, the average proportions of B cells that
expressed CD5 still were greatest in the PBLs of RA patients (Maini ef al.,
1987). Similar results were reported by Okumura’s group in their com-
parative analyses of 13 RA patients and a comparable number of age-
matched controls (Taniguchi et al., 1987). Although both groups had
comparable absolute numbers of circulating B cells, these comprising
16% (+ 5% SD) and 14% (+ 5% SD) of the circulating lymphocytes,
respectively, the proportions of B cells found to express CD5 tended
to be higher in RA patients (20 £ 9%) than in normal controls
(14 £ 6%).

Autoimmune diseases other than RA also may be associated with
elevated levels of circulating CD5 B cells. CD5 B cells have been found
in increased numbers in patients with primary Sjégren’s syndrome (1° SS)
(Dauphinee et al., 1988; Hardy et al., 1987) and progressive systemic
sclerosis (Hardy et al., 1987). In a study of 19 patients with 1° SS, the
mean percentage of B cells with detectable surface expression of CD5
was 46% in 1° SS patients, compared to only 26% in normal control
subjects.

When examined, the levels of CD5 B cells in the peripheral blood
of patients with RA or 1° SS generally are stable over time (Kipps and
Vaughan, 1987; Taniguchi et al., 1987; Dauphinee et al., 1988). The
few exceptions were patients treated with high-dose corticosteroids or
combined immunosuppressive chemotherapy and irradiation (Taniguchi
et al., 1987; Dauphinee et al., 1988). Two patients with 1° SS whose
levels of CD5 B cells dropped significantly subsequent to such therapy
also had clinical remissions in their autoimmune pathology (Dauphinee
et al., 1988). Of note, however, there was no apparent relationship to
the relative CD5 B cell level and the titer of RF (Kipps and Vaughan,
1987; Plater-Zyberk et al., 1985), except for patients with extremely high
titers (>5 X 1012) of RF (Taniguchi et al., 1987).

Whether circulating CD5 B cells play a role in the pathophysiology
of RA is uncertain. To be sure, not all RA patients have high levels of
circulating CD5 B cells and normal unaffected individuals without high-
titer RF may have high levels of circulating CD5 B cells (Kipps and
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Vaughan, 1987; Maini et al., 1987; Hardy et al., 1987). Moreover, mono-
zygotic twins discordant for RA have identical levels of CD5 B cells in
the peripheral blood (Kipps and Vaughan, 1987). Also, CLL patients,
with monoclonal expansions of CD5 B cells, do not develop classical
RA pathology more frequently than does the general population. Perhaps
these apparent discrepancies are secondary to the fact that the popula-
tion of circulating lymphocytes in the peripheral blood is not represen-
tative of the cells found at sites of primary disease activity (i.e., the
peripheral joints). It is possible that closer examination of the cells within
these sites will reveal a more definitive relationship between the CD5
B cell and autoimmune disease. Alternatively, CD5 B cells may have
little to do with autoimmune pathogenesis.

XIV. Immunoglobulin Gene Expression in Murine CD5 B Cell Lymphomas

Spontaneous murine CD5 B cell lymphomas may express Igs with
antigenic specificities shared by antibodies produced by nonmalignant
CD5 B lymphocytes. As mentioned in Section VI, the CH lymphomas
arise in B10.H-22H-4® p/Wts mice after adoptive spleen cell transfer and
hyperimmunization with SRBCs (Lanier et al., 1978, 1982). As they
coexpress both sIgM and CD5 (Lanier et al., 1982; Pennell et al., 1985),
they possibly are derived from neoplastic transformation of CD5 B cells.
Because many were found to express slg reactive with SRBCs, it first
was speculated that hyperimmunization with SRBCs contributed to lym-
phomagenesis through chronic antigenic stimulation of SRBC-reactive
B cell clones (LoCascio et al., 1984; Lynes et al., 1978; Arnold et al.,
1983). In closer analyses of 27 such lymphomas, however, only six pro-
duced antibody reactive with SRBCs (Pennell et al., 1985). However,
an even greater number (nine) of the 27 lymphomas formed rosettes with
brmRBCs. Several such lymphomas expressed slg specific for PtC
(Mercolino et al., 1986). Moreover, many of the lymphomas that pro-
duced antibody reactive with SRBCs also formed rosettes with brmRBCs.
In this regard, the sIg of many of these lymphomas had binding specificity
in common with that of normal CD5 B cells found within the spleen
or the peritoneum of nonimmunized mice (discussed in Section X,A).

In order to examine the structural basis for the autoantibodies pro-
duced by CH lymphomas, heterologous antiidiotypic antibodies were
prepared against the detergent-solubilized affinity-purified sIg expressed
by each of several tumors (Pennell et al., 1985). Following extensive
absorption with isotype-matched Ig myeloma protein, the antisera were
tested for binding to each of the various lymphomas. Cross-reactive
idiotypes (CRIs) were identified on 21 of 27 independently derived CH



THE CD5 B CELL 151

lymphomas. These 21 CH lymphomas could be categorized into five par-
tially overlapping sets based upon idiotypic cross-reactivity. A minimum
of 16 idiotopes were detected on 23 of the 27 CH lymphomas. Only four
of these idiotopes were confined to a single tumor; the rest were all shared.
Some of these CRIs apparently were Vy specific, in that they were
present on both N\- and x-expressing tumors. As such, the frequencies
of CRIs were greater than the frequency at which a given lymphoma
reacted with the immunogen used to induce these lymphomas, namely
SRBCs. Because of this, these authors proposed that the tumors were
selected by virtue of their expressed Ig idiotype(s) rather than their specific
reactivity for antigen, namely SRBCs.

Nucleic acid sequence analyses of the antibody V genes expressed by
these CH lymphomas, however, revealed that the frequent occurrence
of CRIs was secondary to the fact that CH lymphomas express a highly
restricted set of antibody V genes with little somatic diversification
(Pennell et al., 1988). Ten independently derived CH lymphomas, repre-
senting each of the five previously defined groups of major CRIs (Pennell
et al., 1985), were found to utilize only five different Vi and seven dif-
ferent Vi, genes (Pennell et ¢l., 1988). Lymphomas within each of the
five groups expressed identical Vi genes.

The Vy genes expressed by several of the CH lymphomas could not
be assigned strictly to any of the ten previously defined murine Vy gene
families (Brodeur and Riblet, 1984; Winter et al., 1985; Kofler, 1988).
Such assignment generally requires that a given V gene share greater
than 80% homology with representative genes of a given subgroup
(Brodeur and Riblet, 1984). The Vy gene expressed by each of three
CH lymphomas had closest similarity with members of the X24 or 7183
Vu gene families, but at only 72 or 75% homology, respectively (Yan-
copoulos et al., 1984; Hartman and Rudikoff, 1984). Remarkably, this
expressed Vg gene is identical to the Vy genes expressed by three
clonally unrelated anti-brmRBC antibody-producing hybridomas
generated from autoimmune NZB mice (Reininger et al., 1987). As such,
this Vi gene most likely is conserved between NZB and B10.H-22H-4"
p/Wts mice and expressed without somatic diversification. Because it
lacks better than 80% homology with any of the previously described
Vi genes, this Vi gene may define a new Vy gene family. Furthermore,
the V, gene expressed by one these three CH lymphomas also is iden-
tical to that of the V, gene expressed by the NZB hybridomas. Another
two CH lymphomas expressed identical Vy genes that also apparently
were derived from an as yet undefined Vy gene family, sharing only
seventy-five percent similarity with members of the 36-60 Vy gene
family (Near et al., 1984; Dzierzak et al., 1986). Two sets of two other
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lymphomas each expressed identical Vy genes belonging to the J558 and
S107 Vy gene families, respectively.

Studies on apparent oligoclonal expansions of normal murine CD5
B cells have revealed these cells also may express a limited repertoire
of Ig V genes that have not diversified from the germ-line DNA. As
discussed in Section V, oligoclonal expansions of CD5 B cells can be
detected in older mice or in younger NZB mice (Stall et al., 1988; Tar-
linton et al., 1988). This is particularly apparent when CD5 B cells are
passaged in allotype-congenic neonatal mice in which donor CD5 B cells
expressing an Ig allotype different from that of the host can be monitored
(Forster and Rajewsky, 1987). In such recipients, apparent clonal expan-
sions of donor CD5 B cells can be detected in the peritoneum. B cells
of such expansions coexpress CD5 and a distinctive density of donor-
allotype sIgM. Cell fusion of peritoneal or spleen cells from mice with
such noted oligoclonal donor CD5 B cell expansions generated
hybridomas producing antibodies of donor allotype that had limited
variable-region diversity (Forster et al., 1988). Among 17 hybridomas
thus generated, eight were progeny of only three different B cell clones,
consistent with these hybridomas’ being derived from only a few clonal
precursors. Surprisingly, however, clonally independent hybridomas
expressed identical V genes. As such, the expanded CD5 B cell clones
apparently utilized a limited set of antibody V genes. Moreover, the lack
of sequence differences between independent clones indicated that the
expressed V genes were not diversified through the process of somatic
hypermutation. Interestingly, the V genes utilized by several of these
hybridomas were identical to V genes concomitantly reported to be
expressed by several of the CH lymphomas described above. Further-
more, some of the expressed V, genes shared greater than 99% nucleic
acid sequence identity to a V, gene repeatedly expressed by hybridomas
generated from NZB B lymphocytes producing antibodies specific for
brmRBCs (Reininger et al., 1987). As such, the antibody V genes utilized
by normal, as well as malignant, CD5 B cells apparently are expressed
with little somatic diversification. Furthermore, the mechanism(s) respon-
sible for the restriction in the expressed antibody V gene repertoire seem-
ingly operates in a reproducible fashion in both normal and autoimmune
mouse strains.

XV, Immunoglobulin Gene Expression
in Human CD5 B Cell Malignancies

Despite the enormous potential for diversity in immunoglobulin V gene
expression through human genetic polymorphisms, antibodies produced
by B cell malignancies of unrelated persons may share common idiotypic
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determinants. Initially defined by using absorbed heterologous antisera
(Kunkel et al., 1974a,b), and then more recently by using murine Mabs
(Carson and Fong, 1983; Mageed et al., 1986; Posnett et al., 1986), these
common idiotopes, or CRIs, were identified initially on IgM autoanti-
bodies, such as RF. That such CRIs were not merely the tertiary reflec-
tions of a common binding activity, however, was suggested by protein
sequence data. These data demonstrated that the light- or heavy-chain
variable regions of CRI-bearing Igs may have conserved primary struc-
ture (Kunkel et al., 1974b; Andrews and Capra, 1981; Ledford et al.,
1983; Capra and Kehoe, 1974; Pons-Estel et al., 1984; Capra et al., 1972).

Human CD5 B cell malignancies frequently express antibodies bearing
major CRIs. In a study of over 30 CLL patients, five of 20 (25%) patients
withx light chain-expressing leukemic cells had malignant lymphocytes
that expressed a CRI defined by reactivity with a Mab, designated 17.109
(Kipps et al., 1987a,b). This antibody, prepared against an IgM RF,
recognizes ax light chain-associated CRI present on many human IgM
RF paraproteins isolated from patients with Waldenstrom's macroglobu-
linemia (Carson and Fong, 1983; Carson et al., 1987a,b). Furthermore,
over 20% (eight of 34) of all sIg-expressing CLLs were found to react
with G6 (Kipps et al., 1988a), a Mab specific for an Ig heavy chain-
associated CRI present on several RF paraproteins (Mageed et al., 1986).
Interestingly, nearly one half of the CLL cases with leukemic cells reac-
tive with 17.109 also reacted with G6, reflecting a biased coexpression
of these CRIs.

Flow-cytometric analyses indicated that CRI expression by leukemic
cells is not qualitatively heterogeneous (Kipps et al., 1988b). Dual
immunofluorescence studies using fluorescein-labeled antibodies specific
for the antibody constant region and phycoerythrin-conjugated anti-CRI
antibodies demonstrated that the relative staining intensities of anti-CRI
Mabs correlated directly with the relative number of expressed slg
molecules. CRI™ but sIgt leukemic cells were not detected in any
leukemic cell population expressing a particular CRI. Moreover, dif-
ferences in the relative staining intensities of an anti-CRI Mab on dif-
ferent leukemic cell populations were found secondary to differences in
relative amounts of expressed sIg. These data indicated that different
levels of CRI expression by cells within or between leukemic popula-
tions are not secondary to qualitative structural differences in the epitopes
comprising the CRI, but rather are secondary to the level of sIg expressed
by the leukemic cells. As such, these data suggest that antibody gene
expression in CLL is stable.

In order to examine the molecular basis for the 17.109 CRI expres-
sion in CLL, the x variable-region genes from unrelated CLL patients
with 17.109-reactive lymphocytes were isolated (Kipps et al., 1988b).



154 THOMAS J. KIPPS

Analyses of multiple independent cDNA clones did not reveal any
sequence heterogeneity among the V, genes expressed within a leukemic
cell population from any one patient. In addition, 17.109-reactive
leukemic cells from unrelated patients were found to express nearly iden-
tical V, genes, these belonging to the V, IIIb subsubgroup. The V, genes
expressed by 17.109-reactive leukemic cells were found to share greater
than 99% nucleic acid sequence identity to a germ-line V, III gene
isolated from placental DNA, designated Humkv325 (Radoux et al.,
1986). Thus, the 17.109 CRI in CLL apparently is secondary to the expres-
sion of a highly conserved x variable gene with little or no somatic
mutation.

Similarly, analyses of the molecular basis for the G6 CRI in CLL
revealed the G6 idiotope(s) to be a serological marker for expression of
a conserved Vi gene of the Vy1 subgroup (Kipps et al., 1989b). Protein
sequence data of Waldenstrom's RF paraproteins demonstrated that
G6-reactive IgM RFs share considerable sequence homology in the first,
second and fourth frameworks of the heavy-chain variable region
(Newkirk et al., 1987). From these data, it had been deduced that the
heavy-chain variable regions of G6-reactive RFs were encoded by a Vi
gene(s) of the Vy1 subgroup, a relatively short D segment, and the Ji;4
gene segment. Nucleic acid sequence analyses confirmed that G6-reactive
leukemic cells express Viy genes belonging to the V1 subgroup. Impor-
tantly, the Vy genes expressed by G6-reactive leukemic cells from
unrelated CLL patients were found to share greater than 99% nucleic
acid sequence homology (Kipps et al., 1989b). Despite expressing near-
identical Vy genes, however, G6-reactive leukemic cells may express
markedly different D segments and utilize Jy6 or Jy4 gene segments.
Comparisons of the deduced amino acid sequences of G6-reactive CLL
and that of G6~ antibody heavy chains encoded by Vy1 genes suggests
that the G6 CRI in CLL is relatively resilient to substitutions within CDRS$
but is affected by permutations within CDR1 and CDR2. Together, these
data argue that the G6 CRI in CLL also is a serological marker for a
conserved Vyl gene expressed with little or no somatic mutation.

Solid-tissue B cell lymphomas that frequently express CD5, such as
SL (discussed in Section VI), also express these CRIs at frequencies com-
parable to that noted in CLL (Kipps et al., 1989a). Five of 12 exam-
ined x light chain-positive SL lymphomas from patients without
associated CLL were noted to react to the 17.109 Mab. Moreover, over
10% of all SL cases examined expressed slg with the G6 CRI. Recently,
molecular analyses revealed that the V, genes rearranged, and pre-
sumably expressed, by 17.109-reactive SL are homologous to Humkv325
and to V, genes expressed by 17.109-reactive CLL (Pratt et al., 1989).
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These studies indicate that, as in CLL, malignant B cells in SL may
express Ig V genes that have not diversified from the germ-line DNA.

However, other human B cell malignancies do not express these CRIs
at comparable frequencies. Although CRIs have been detected on B cell
NHLs of follicular center-cell origin (Stevenson et al., 1986), expres-
sion of the CRIs defined by 17.109 or G6 is rare in such lymphomas that
ordinarily do not express CD5. Of over 30 x light chain-expressing
follicular NHLs, only one reacted with 17.109, and none reacted with
the G6 Mab (Kipps et al., 1988a). These studies indicate that CD5*
and CD5~ human B cell lymphomas may be distinguished with respect
to the expression of autoantibody-associated CRIs. As such, these two
categories of B cell malignancies may differ in their utilization and/or
diversification of expressed Ig V genes.

Support for the notion that there exists a distinction between CD5%
and CD5~ B cell malignancies in their respective rates of somatic hyper-
mutation comes from analyses of the relative expression frequencies of
variable-region framework determinants. Somatic mutation in the
expressed antibody V gene may permute and distort antigenic deter-
minants that form the CRIs. However, variable-region framework
determinants may be relatively resilient to the process of somatic hyper-
mutation. For our studies, we stained cells with a Mab specific for V,,
IIIb » light-chain framework determinants (Greenstein et al., 1984).
Of the CD5 B cell neoplasms, we noted that the anti-V, IIIb antibody
reacts exclusively with cells bearing the 17.109 CRI, suggesting that the
Humkv325 gene is the predominant V, IIIb gene expressed in these
malignancies. In contrast, only one of the three CD5~ NHLs found to
react with the V, IIIb Mab expressed the 17.109 CRI. The proportion
of x light chain-expressing, CD5~ NHLs that reacted with the anti-V,
IIIb Mab, however, did not differ significantly from the frequencies with
which the anti-V, IIIb framework Mab reacted with » light chain-
expressing CLL or CD5 B cell NHL. These results are consistent with
the notion that the relatively low-expression frequencies of CRI by
CD5~ NHL of follicular center-cell origin may be related in part to dif-
ferences in the degree to which the expressed antibody V genes have
diversified from inherited germ-line repertoire.

In contrast to CLL, malignant B cell NHLs of follicular center-cell
origin may permute their expressed Ig V genes through somatic hyper-
mutation. Follicular B cell NHLs frequently may escape from passive
immunotherapy with monoclonal antiidiotypic antibodies through the
spontaneous generation of idiotype variants. Somatic mutation affect-
ing expression of idiotype apparently may operate independently of the
selection imposed by monoclonal antiidiotypic antibodies, as idiotypic
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heterogeneity is noted in such lymphomas even prior to passive
immunotherapy (Raffeld et al., 1985; Carroll et al., 1986). Idiotype
variant tumor populations generally express sIg at amounts comparable
to that of the original tumor population (Levy et al., 1987, Meeker et al.,
1985; Sklar ez al., 1984). Molecular analyses of the expressed
immunoglobulin genes of parent and variant populations reveal that
the V-D and D-J junctions of the antibody heavy chain-variable region
and the V-] junction of the antibody light chain are conserved, indicating
that the tumor populations of any one patient are clonally related.
Furthermore, lymphoma subpopulations also are noted to share chromo-
somal translocations that have identical molecular breakpoints, confirm-
ing the clonal origin of both parent and idiotype-negative variant
populations (Cleary et al., 1988). However, nucleic acid sequence analyses
of the Ig V genes expressed by individual cells of a given lymphoma reveal
extensive V gene heterogeneity. In fact, no two hybridomas generated
from such lymphomas express identical heavy- or light-chain V genes
(Levy et al., 1987; Cleary et al., 1986). Nucleic acid base differences
are concentrated in the V gene, but also are noted in the 5’ untranslated
region. Overall, the pattern of substitutions seen suggests that the
process(es) of somatic hypermutation noted in V genes expressed during
secondary immune responses is operating in these lymphomas (Griffiths
et al., 1984; Clarke et al., 1985; Rajewsky et al., 1987). In this regard
the stability of Ig V gene expreesion in CD5~ NHLs of follicular center-
cell origin apparently differs from that of B cell neoplasms that com-
monly express the CD5 surface antigen, namely CLL and SL NHLs.

Aside from expressing V genes that have not diversified from the germ-
line DNA, however, the high-frequency expression of the 17.109 or G6
CRIs in CD5 B cell malignancies also indicates that V gene utilization
by these neoplasms is nonrandom. Estimates of the number of disparate
V, genes in humans range from 35 to 70 (Bentley, 1984; Klobeck et al.,
1984; Jaenichen et al., 1984; Pech and Zachau, 1984). To date, over 35
V, genes have been distinguished (Bentley, 1984; Klobeck et al., 1984;
Jaenichen et al., 1984; Pech and Zachau, 1984; Chen et al., 1987a,b).
Of these, eight belong to the V, III subgroup (Chen et al., 1987a,b).
However, only one of these, Humkuv325, has nucleic acid sequence
homology with the V, gene expressed by the 17.109 CRI-bearing
leukemic cells. Moreover, only Humkv325 can encode the x light chain
paraproteins that are recognized by 17.109 without sequence permuta-
tion. Similarly, V4l gene(s) encoding the G6 CRI apparently also is
present in single copy in the human haploid genome. Expression of this
particular V4l gene(s) in greater than 10% of the malignant CD5 B
cell populations examined would not be expected if the utilization of
Vy genes in CD5 B cell malignancies were random.
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The apparent restriction in the repertoire of V genes expressed in CD5
B cell malignancies may reflect in part a genetically programmed restric-
tion in the expression of antibody V genes by the CD5 B cell. Certain
V genes may have a greater propensity for Ig gene rearrangement,
resulting in a disproportionate expression of such V genes in the leukemic
cell repertoire. However, since Ig gene rearrangement may not be suc-
cessful in generating a functional Ig gene, the rearrangement frequency
of commonly utilized V genes may exceed the frequency at which these
V genes actually are expressed. Some preliminary data support this
notion. The Humkuv325 V, gene encoding the 17.109 CRI is rearranged
abortively in many CLL:s that express \ light chains (Kipps et al., 1988c).
The mechanism(s) accounting for this is not known. One hypothesis is
that the relative order of V genes positioned along the chromosome may
affect their relative expression frequencies, as has been demonstrated
in the mouse (Alt et al., 1984, 1987; Yancopoulos and Alt, 1985).
However, mapping studies of the human Ig x light-chain locus
demonstrates that many functional V, genes are located between the
Jx locus and Humkv325 (Pohlenz et al., 1987). Thus, frequent abor-
tive rearrangements of Humkv325 in CLL cannot be explained simply
by chromosomal order. In this regard, the rearrangement of Humkv325
in CLL may be similar to that of a recently identified Vyb gene,
designated V251 (Humphries et al., 1988). Although not the most
proximal Vi gene to the D and ] regions, this gene was found to be
rearranged with the D-] segment in the leukemic cells from greater than
20% of the 30 patients studied (Humphries et al., 1988).

A mechanism(s) providing for preferential V gene rearrangement
alone, however, may not account for the frequent expression of auto-
antibody CRIs in CD5 B cell neoplasms. Recent studies have demon-
strated that the 17.109 or G6 CRIs are expressed by a small subpopulation
of normal B cells in the human tonsil and spleen, but rarely by PBLs.
Cells expressing these CRIs constitute a small lymphocyte subpopula-
tion confined to the mantle zone and interfollicular region surrounding
the germinal center (Fig. 2) (Kipps et al., 1989c). Dual-
immunofluorescence analyses indicate that a large proportion of such
CRI-bearing cells coexpress CD5. Coexpression of both 17.109 and G6
CRIs, however, is detected only on a small subset of such cells. In fact,
the frequency at which these CRIs are coexpressed within a given lympho-
cyte population is comparable to the product of frequencies at which
each CRI is expressed alone. However, as mentioned above, over 409,
of the CLLs and SLs that are 17.109 CRI* also coexpress the G6 CRI.
This indicates that there exists a bias toward coexpression of Humkv325,
with the V1 gene(s) encoding the G6 CRI in CD5 B cell malignancies.

This raises the possibility that the variable-region protein structures
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recognized by Mabs 17.109 or G6 actually may affect leukemogenesis
indirectly. Both CRIs commonly are present on IgM autoantibodies, par-
ticularly RF (Carson et al., 1987a,b; Mageed et al., 1986). Furthermore,
when both CRIs are coexpressed on the same IgM molecule, the antibody
invariably has been found to have RF activity (Silverman et al., 1988).
Moreover, leukemic cells coexpressing both CRIs also have sigM with
IgG-binding activity. Perhaps B lymphocytes with such self-reactive sIg
may be stimulated to divide constitutively, thereby increasing the
likelihood for chance transformation. Alternatively, such autoreactive
sIg may serve to focus a transforming agent onto the cell, for example,
by binding a leukemogenic virus or antigen-antibody complexes con-
taining such a transforming agent (Mann et al., 1987). Whatever the
mechanism, however, it appears that both preferential rearrangement
and selected coexpression of particular antibody V genes may occur in
CD5 B cell malignancies.

The conservation in the primary sequence of V genes encoding the
G6 or 17.109 CRIs suggests that the proteins they encode subserve an
important physiology. This physiology may be related to the autoreac-
tivity frequently noted for antibodies encoded by these conserved V genes.
Such autoreactive antibodies may function to trap antigen-antibody com-
plexes, increasing the capacity of such cells to present antigen to
appropriate effector cells. Alternatively, early expression of autoreac-
tive antibodies in development by the CD5 B cell may stimulate clonal
expansion in the sterile fetal environment. The continued expression
of such autoreactive antibodies may endow the CD5 B cell with
constitutive stimulation. As such, the self-reactive Ig may stimulate the
cell in an autocrinelike manner, allowing these cells to persist as a self-
renewing cell subpopulation. Another possibilty, though not exclusive
of the rest, is that expression of such conserved V genes may allow the
CD5 B cell to establish a primordial network of idiotypic and antiidiotypic
interactions that may regulate the humoral, and perhaps cellular,
immune systems.

Consistent with this notion, the Vi1 gene utilized by G6-reactive CLL
is homologous to 511, a Vyl gene expressed during early human B cell
ontogeny. This is noteworthy in that the set of Vi genes expressed during
early fetal development is highly restricted (Schroeder et al., 1987). Of
the Vi genes isolated from the fetal liver library, one Vi gene accounted
for the expression of over 209, (three of 14) of the heavy-chain sequences,
while three others each accounted for 149, (two of 14) of the expressed
variable-region genes. Through statistical analyses of these data, the total
size of the fetal Vy repertoire has been inferred to consist of only nine
to 39 disparate-antibody Vi genes. Early restriction in human fetal



Fic. 2. Immunohistochemical staining of tonsillar cells reactive with 17.109 was performed as described elsewhere
(Kipps er al., 1988a). Dark red cells are lymphocytes reactive with the 17.109 Mab.
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V gene expression is noted prior to development of mature sIg-expressing
B cells and, hence, may be programmed genetically (Schroeder et al.,
1987). The homology between the Vi gene expressed by G6-reactive
CLL and a Vy gene frequently utilized in the highly restricted fetal
repertoire suggests that the set of V genes expressed in CLL may be com-
parable to that utilized during early B cell development.

XVI. CDS5 B Cells and the Primordial Immune Network

Many of the antibodies produced in early B cell ontogeny apparently
have autoreactivity (Kearney and Vakil, 1986; Holmberg et al., 1986a).
The antibodies produced by hybridomas generated from nonstimulated
splenocytes of newborn mice frequently produce antibodies that react
with self-antigens, such as actin, myosin, tubulin, or isologous brmRBCs
(Dighierio et al., 1983, 1985; Freitas et al., 1986; Araujo et al., 1987).
In two studies, the noted frequencies of hybridomas producing auto-
reactive antibodies were quite high (20-30%), considering the limited
panel of self-antigens that were used for screening (Holmberg et al.,
1986a; Freitas et al., 1986). The occurrence of such “natural” autoanti-
bodies apparently is not dependent on exogenous antigen stimulation,
as they may be detected in the sera of mice raised in either antigen- or
germ-free environments (Hooijkaas et al., 1984). Indeed, the propor-
tion of anti-self-““activated” B cells may be increased in such germ-free
animals compared to normally raised mice, presumably because such
cells are not diluted out by B cells producing antibodies to exogenous
antigens (Pereira et al., 1986b; Forni et al., 1988). Similar autoantibodies
have been detected in normal human sera (Guilbert et al., 1982; Dighiero
et al., 1982).

The antibodies produced during early B cell ontogeny may form an
immune network of idiotypic and antiidiotypic reactivities. Hybridomas
generated from splenocytes of newborn nonprimed BALB/c mice differ
from hybridomas made from LPS-stimulated spleen cells of adult mice,
in that a high frequency of the former produces antiidiotypic antibodies
specific for immunoglobulins encoded by nondiversified antibody V genes
(Holmberg et al., 1986b; Vakil and Kearney, 1986; Kearney and Vakil,
1986; Araujo et al., 1987). These antiidiotypic antibodies character-
istically are IgM antibodies with low affinity for one or more idiotopes
present on germ-line-encoded antibodies. There exists an apparent high
degree of interconnectivity in that antiidiotypic antibodies react with
idiotopes encoded by seemingly disparate-antibody variable-region genes.
Moreover, present in this neonatal repertoire are anti-antiidiotypic
antibodies capable of reacting with one or several of the neonatal
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B cell-derived monoclonal antiidiotypes. Assuming that both anti-
idiotypic and anti-antiidiotypic antibodies are products of nondiversified
antibody V genes, the humoral immune system apparently may be
genetically programmed to generate a primordial network of idiotypic
and antiidiotypic specificities during early B cell ontogeny (Jerne, 1984,
1985).

That this hypothetical immune network may have physiological
significance for the normal development of the adult T and B cell reper-
toire was indicated by studies testing the effect of these neonatal B cell-
derived monoclonal antibodies in vivo (Vakil and Kearney, 1986; Vakil
et al., 1986; Martinez et al., 1986a; Araujo et al., 1987). Timed admini-
stration of any of the monoclonal antiidiotypic antibodies to neonatal
mice could influence profoundly the subsequent adult B cell repertoire
by either enhancing or suppressing the utilization of idiotope-bearing
antibodies in adult humoral immune responses (Vakil and Kearney, 1986;
Vakil et al., 1986).

Whether such antiidiotypic antibodies could enhance or suppress the
subsequent expression of idiotope-bearing antibodies depended on the
time at which they were administered during the prenatal or neonatal
period. Indeed, the early-appearing, multispecific, antiidiotypic anti-
bodies had profound effects on the development of the normal adult
B cell repertoire (Vakil et al., 1986). Examination of the immune
response to bacterial dextrans, for example, revealed a discordance
between the developmental period that dextran-specific precursors first
were detected and the much later age at which dextran-specific antibody
responses could be elicited in C57BL/6 mice. Also, administration of
antiidiotype at or around the time respective idiotope(s)-bearing cells
first are detected during development profoundly suppressed the ability
of such cells to produce anti-dextran antibody. This was interpreted to
suggest that the late development of the dextran-specific antibody
response is regulatory rather than due to late rearrangement and activa-
tion of appropriate V genes in ontogeny (Lundkvist et al., 1987).

Such a primordial immune network also may influence the T cell
specificities for antigen (Martinez et al., 1988). BALB/c helper T cells
generated against 2,4,6-trinitrophenyl (TNP)-derivatized syngeneic
splenocytes proliferate and induce antibody secretion of syngeneic B
lymphocytes in response to TNP-modified self (Martinez et al., 1986b).
This specific T helper cell response could be blocked by monoclonal
antibodies directed against either TNP or MHC class II antigens.
Interestingly, this response also could be diminished by a monoclonal
antiidiotypic antibody, designated F6(51), that is specific for an idiotope
expressed by the TNP-binding myeloma protein MOPC 460 (Martinez
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et al., 1986b). In contrast, TNP self-responsive T helper cells derived from
IgH-congenic mouse strains, like CB.20, were not affected by the F6(51)
antiidiotype. These data suggested that T helper cells may express T cell
receptors that bear idiotypic determinants recognized by F6(51). This
notion was supported by experiments indicating that the F6(51)
antiidiotypic antibodies can induce IL-2 production in BALB/c T helper
cells responsive to TNP-modified self, presumably by binding the T cell’s
receptor for antigen (Martinez et al., 1984, 1986¢).

Accumulating data in this system indicate that immunoglobulins may
affect the postthymic maturation of the T cell antigen receptor reper-
toire. TNP self-responsive T helper cells from mice treated in the prenatal
or neonatal period with the F6(51) antiidiotypic antibody are resistant
to inhibition with the F6(51) antibody and presumably lack the F6(51)
idiotope(s) (Martinez et al., 1986a). These animals apparently express
a different repertoire of T cell receptor specificities with respect to TNP-
modified self-determinants (Martinez et al., 1987). Also lacking the
F6(51) idiotope(s) are TNP self-reactive T helper cells derived from adult
BALB/c mice that previously had been treated with anti-IgM antibodies
during the first 4 weeks of life (Martinez et al., 1986b). Similarly, TNP
self-responsive T helper cells derived from mice reconstituted with
autologous bone marrow apparently also lack expression of the F6(51)
1diotope(s). However, reconstitution of such mice with syngeneic Thy-1~
but CD5* peritoneal cells restored the ability of such animals to
generate TNP self-responsive T helper cells bearing the F6(51) idiotope(s)
(Marcos et al., 1988). These data are consistent with the notion that
the Igs expressed by the CD5 B cell may influence directly the postthymic
maturation of T cell receptor specificities.

XVil. Conclusion

Cells that coexpress B cell surface antigens and CD5 apparently con-
stitute a self-renewing lymphocyte subpopulation endowed with distinctive
physiology. These cells may regulate Ig expression by other B lymphocytes
and may assist in the processing, presentation, and/or recognition of
antigen. Apparently, these activities in part are mediated by the Igs pro-
duced by the CD5 B cell. Such Igs frequently are noted to have reac-
tivity to a variety of self proteins, including Igs, proteolytically processed
erythrocyte membranes, and denatured DNA. Such autoreactive
antibodies, however, do not contribute necessarily to autoimmune
pathology and may be physiological. Although CD5 B cells are dis-
tinguished by their expression of CD5, the relationship between the
expression of this surface molecule and CD5 B cell physiology is
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ambiguous and requires resolution. Indeed, expression of CD5 may be
fortuitous. If so, CD5 B cells may be defined better through the Igs that
they produce. These antibodies apparently are encoded by a restricted
set of highly conserved Ig V genes. Expression of antibodies encoded
by these antibody V genes without somatic hypermutation may account
in part for the peculiar physiology of the CD5 B cell. Recent studies
suggest that such antibodies possibly may contribute to a hypothetical
network of idiotypic and antiidiotypic antibody interactions that can
pattern the expression of both T and B cell receptor specificities. As
such, the CD5 B cell may play a pivotal role in the ontogeny and
homeostasis of the humoral immune system.
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1. Introduction

In 1960 Govaerts (1) observed that thoracic duct lymphocytes of dogs
carrying a kidney transplant were cytotoxic ¢n witro for kidney cells of
the donor animal. Since then the study of cytotoxic lymphocytes has
been extended to various cellular reactions of adaptive immunity, directed
against transplantation antigens on allogeneic cells, viral antigens, tumor-
associated antigens, and self-antigens in autoimmune pathology (2, 3).
The specific adaptive cytotoxic response against transplantation allo-
antigens is mediated by thymus-dependent effector T lymphocytes. The
alloantigens recognized by the cytotoxic T lymphocytes (CTLs) were
shown to be encoded by genes of the major histocompatibility complex
(MHC) (4) and were later identified as the products of MHC class I and
class IT genes (5-7).

Numerous studies of humans and experimental animals have tested
the hypothesis that CTLs directed against antigens expressed de novo
on syngeneic tumor cells were responsible for the immune surveillance
against growth of neoplastic cells (8). In these studies, cytotoxicity
mediated by lymphocytes of cancer patients was demonstrated on both
autologous and allogeneic tumor target cells. However, Zinkernagel and
Doherty (9) showed that CTLs recognize viral antigens on target cells
only in association with products of syngeneic MHC, and this MHC
restriction of CTLs was also then demonstrated for tumor-associated
antigens (10).

On the other hand, studies of cytotoxicity by human lymphocytes
revealed not only that both allogeneic and syngeneic tumor cells were
lysed in a non-MHC-restricted fashion, but also that lymphocytes from
normal donors were often cytotoxic. Lymphocytes from any healthy donor,
as well as peripheral blood and spleen lymphocytes from several
experimental animals, in the absence of known or deliberate sensitiza-
tion, were found to be spontaneously cytotoxic #n vitro for some normal
fresh cells, most cultured cell lines, immature hematopoietic cells, and
tumor cells (11-16). This type of nonadaptive, non-MHC-restricted cell-
mediated cytotoxicity was defined as “natural” cytotoxicity, and the
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effector cells mediating natural cytotoxicity were functionally defined
as natural killer (NK) cells. The existence of NK cells has prompted
a reinterpretation of both the studies of specific cytotoxicity against spon-
taneous human tumors (17) and the theory of immune surveillance, at
least in its most restrictive interpretation, based on a predominant role
of adaptive immunity and tumor antigen-specific CTLs (18, 19).

For many years a major difficulty in the study of NK cells stemmed
from the fact that they were functionally defined, i.e., cells that mediate
natural, non-MHC-restricted cytotoxicity. It is now known that different
types of lymphocytes and other leukocytes can mediate non-MHC-
restricted cytotoxicity either spontaneously or upon activation. However,
most cells mediating natural cytotoxicity in humans and many other
species share similar functional characteristics, and the cells appear to
constitute a discrete cell subset. Unlike cytotoxic T cells, NK cells cannot
be demonstrated to have clonally distributed specificity, restriction for
MHC products at the target cell surface, or immunological memory.
NK cells cannot as yet be formally assigned to a single lineage based
on the definitive identification of a stem cell, a distinct anatomical loca-
tion of maturation, or unique genotypic rearrangements. Thus, some
investigators have suggested that NK cells be defined operationally, refer-
ring to any lymphoid cell from an unimmunized host mediating MHC-
unrestricted cytotoxicity (20, 21).

Nevertheless, it is possible to (1) unequivocally distinguish mature NK
cells from T, B, and myeloid cells; (2) distinguish NK progenitors from
those of T, B, and myeloid cells; and (8) suggest that NK cells are depen-
dent on intact bone marrow and not on thymus for their differentia-
tion (22, 23). NK cells, therefore, represent a discrete leukocyte subset,
possibly constituting a third lineage of lymphoid cells (22-25). Although
the exact characterization of the NK cell subset and its possible
heterogeneity still requires detailed analysis, a consensus on an opera-
tional definition of NK cells was reached at the Fifth International
Workshop on Natural Killer Cells in 1988 (26). NK cells have been defined
as large granular lymphocytes (LGLs) that do not express on their surface
the CD3 antigen or any of the known T cell receptor chains (i.e., &, 3, ¥,
or 6) but do express CD16 and NKH-1 (Leu-19) cell surface markers in
humans and NK-1.1/NK-2.1 in mice and mediate cytolytic reactions even
in the absence of MHC class I or class II expression on the target cells (26).

Certain T lymphocytes that are either a8* or y6* may express, par-
ticularly upon activation, a cytolytic activity that resembles that of NK
cells; these T lymphocytes are more appropriately described as display-
ing “NK-like” activity or ‘“‘non-MHC-requiring” cytolysis (26). The
lymphokine-activated killer (LAK) cells, which have recently received
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much attention for their possible therapeutic use (27), are interleukin-2
(IL-2)-activated lymphocytes that are NK cells or non-MHC-requiring
T cells. The relative contribution of the respective cell type depends on
the source of lymphocytes and conditions for activation (26).

One of the surface receptors that were identified on NK cells since
their original description (11) is a low-affinity receptor for the Fc frag-
ment of immunoglobulin G (IgG) (FcR) or CD16 antigen (28). Through
their FcR (CDI16), NK cells can interact with and lyse IgG antibody-
coated target cells. Although antibody-dependent cell-mediated cytotox-
icity (ADCC) can be mediated by a variety of cell types, including
monocyte/macrophages and polymorphonucleated leukocytes (PMNs),
the lymphocyte subset that mediates ADCC has been operationally
defined as killer (K) cells and is identical or largely overlapping with
the NK cell subset (29-33).

Although NK cells were named on the basis of the cytotoxic activity
that initially served to identify them, this cell type exerts a variety of
functions, including production of lymphokines, regulatory functions
on the adaptive immune system and on hematopoiesis, and natural resis-
tance against microbial infection and tumor growth (23). The cytotoxic
ability of NK cells may or may not represent the most physiologically
significant function of these cells in vivo. NK cells, together with
monocyte/macrophages, PMNs, platelets, etc., are an important effec-
tor cell type of nonadaptive immunity. In mediating these functions,
the activity of NK cells is regulated by a complex network of cellular
and humoral interactions with cell types of the adaptive and nonadap-
tive immune systems, nervous system, and others. Although many tesserae
of this mosaic are still incomplete or missing, this review attempts to
summarize the experimental evidence pointing to NK cells as a discrete
cell subset that is highly regulated in its interaction with other systems
of the organism.

il. Measurement of NK Cell-Mediated Cytotoxicity

A large variety of target cell types has been used to measure NK
cytotoxicity, using unseparated lymphoid preparations from human
donors and experimental animals. Cultured cell lines differ greatly in
their sensitivity to NK cytotoxicity and, in general, cell lines from
homologous species are lysed more efficiently than are heterologous cells.
Tumor-derived cell lines are often used as NK target cells (11, 14), but
NK cytotoxicity can also be demonstrated against normal target cells,
including normal diploid fibroblast strains (34-36). The most sensitive
and widely used target cell for human NK cells is K562 (11), a cell line
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derived from a patient with chronic myeloid leukemia in blastic crisis
(87). These cells lack MHC class I and class II antigens and can be
induced to differentiate #n vitro to cells with myeloid, erythroid, or
megakaryocytic characteristics (38, 39). The Moloney virus-induced lym-
phoma cell line YAC-1 is the most widely used target for the measure-
ment of rodent NK cell cytotoxicity (40, 41).

The cytotoxic activity of NK cells can also be evaluated by the ability
of these cells to lyse IgG antibody-coated target cells. In early studies
ADCC activity of human lymphocytes was measured, using as target cells
chicken erythrocytes (2), the Chang (HeLa) cell line (42), and T cell
blasts (43) sensitized with hetero- or alloantisera. Antibody-sensitized
nonnucleated erythrocytes are efficient target cells for ADCC mediated
by monocytes and PMNs, but not by human NK/K cells (44). However,
the use in ADCC of target cells that are sensitive to NK cell lysis in the
absence of antibodies has complicated the interpretation of many studies.
For this reason, the mouse mastocytoma cell line P815, which is almost
completely resistant to both human and murine NK cell lysis, is now
often used as the target cell for ADCC studies (32).

NK cell cytotoxicity is usually quantitated in the 5Cr-release cytotox-
icity assay, in which NK cell-containing cell preparations are mixed with
a constant number of 5Cr (sodium chromate)-labeled target cells at one
or more effector-target (E: T) cell ratios, and cell lysis is evaluated,
usually after 3-4 hours of incubation at 37°C, by measuring the amount
of 51Cr released into the supernatant fluid (45). In many studies NK
cytotoxicity is expressed as the percentage of 5!Cr release at an
arbitrarily chosen E: T ratio. However, the use of a single E: T ratio
precludes a quantitative comparison of the relative cytotoxicity mediated
by different donors or by the same lymphocyte preparations after dif-
ferent treatments. Figure 1 illustrates the great difference in relative NK
activity of two donors, A and B, measured by using the percentages of
S1Cr release at different E : T ratios. Comparing the percentages of 3Cr
release at a given E : T ratio can yield the rank order of the cytotoxicity
mediated by the cells of the two donors, but not a quantitative evalua-
tion of the relative cytotoxicity. The use of several E: T ratios yields a
quantitative evaluation of cytotoxicity by measuring lytic units (LU),
defined as the number of effector cells required to lyse a given propor-
tion (optimally 50%, but often 20 or 309 was used) of target cells in
the assay period (3). This number can be extrapolated graphically or
computed based on equations (43, 46, 47) that describe the relation-
ship between effector cell concentration and percentage of 5!Cr release
(Figs. 1 and 2). The use of LUs transforms a series of dose-response data
to a single number (with standard errors, etc.) which is based on all
of the data and which is directly proportional to NK cell lytic activity.
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FiG. 1. Quantitation of NK cell-mediated cytotoxicity in a 3'Cr-release assay (4-hour
incubation) using a constant number (10%) of 5Cr-labeled K562 target cells and a
variable number of human PBLs as effector cells. O, PBLs from donor A; @, PBLs
from donor B. Each symbol represents an experimental point. The relative cytotoxicity
measured at the two arbitrarily chosen effector-target cell ratios (E : T) of 10 and 50
is indicated on the figure. Sigmoidal curves for the two donors were plotted using the
modified von Krogh's equation (see text). When y is equal to 4/2, K is equal to x,
i.e.,, K X 104 is equal to the number of effector cells required to lyse half of the target
cells (5 X 103) and is defined as 1 LU. LUs calculated in this way can be used to quan-
titate the cytotoxicity of different effector cell preparations when the slopes (n) of the
different sigmoidal curves are similar. The ratio Kp/ K4 represents the relative cytotoxic
efficiency of the two cell preparations calculated based on all of the experimental points.

Two equations are most commonly used to reduce 5'Cr release dose-
response data to linearity: the simple exponential fit and a modified von
Krogh equation. The exponential fit equation (46-48) may be written as

y = 40— ek 0

where y is the fractional 5!Cr release, 4 is a constant equal to the asymp-
tote of the curve, x is the E : T ratio, and & is a constant which, for curves
having the same asymptote, is directly proportional to the NK cell activity.
If the assay is plotted as a target survival curve, i.e., as In(4 — y) versus
x, the value & is the negative of the slope of the resulting straight line
(Fig. 2, bottom right). The exponential fit equation defines a sigmoidal
curve on a semilog plot (e.g., Fig. 2, top).
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FIG. 2. Analysis of the cytotoxic activity of PBLs from donors A (@), B (O), and
C (A) using the von Krogh's equation or the exponential fit equation. The cytotoxic
assay was performed as in Fig. 1. The top panel depicts the best-fit sigmoidal curves
for the three donors using the modified von Krogh's equation (solid lines) or the exponen-
tial fit equation (broken lines). (Bottom left) Curves calculated according to the modified
von Krogh's equation and expressed as log[y/(A — )] versus log(x). (Bottom right) Curves
calculated according to the exponential fit equation and expressed asIn(4 — y) versus x.
The relative cytotoxic efficiencies for the three preparations, calculated according to
the two equations, are given in the bottom panels. Similar values were calculated with

the two equations.
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The von Krogh equation (49, 50) was originally described as an
application of the Hill transformation (51) to the analysis of comple-
ment lysis and was modified for use in the analysis of 5!Cr-release data.
Unlike complement lysis, where 1009, hemolysis is obtainable, it is dif-
ficult to evaluate the maximum release of the isotope in the 5Cr-release
method. Complete release of incorporated %Cr is never observed, and
most investigators use detergent lysis (usually 80-90% of incorporated
isotope) as a measure of maximum release. However, the values observed
for the maximum release upon cell-mediated cytotoxicity are usually
lower than those obtained with detergent lysis and are variable among
different target cells and experiments. Thus, the von Krogh equation
had to be modified for analysis of 5!Cr-release data by the introduction
of the constant 4 equal to the asymptote of the 5'Cr-release dose-
response curve (43). The asymptote 4 has been estimated either by com-
puter iteration (43) or experimentally (46). Like the exponential fit equa-
tion, the von Krogh equation also defines a sigmoid curve (Figs. 1 and
2, top panel), but contains a third variable which makes it possible to
fit data in which there is a longer lag phase and a more abrupt rise
in cytotoxicity in the exponential part of the curve. The modified von
Krogh equation (43, 47) can be written as

= A

Y = T3 (KAP 2)
where y, x, and 4 are as in the exponential fit equation, n is a constant
which defines the shape of the curve on the semilog plot, and K (dif-
ferent from the k value in the exponential fit equation) is a constant
equal to x at y = A/2, directly proportional to NK cell activity and
equal to 1 LU (50%). The modified von Krogh equation can be linearized
by log transformation as

log x = log & + 1/n log[y/(4 — y)] (3)

and a family of curves with the same n and A will therefore yield a series
of parallel and straight lines when plotted log[y/(4 — y)] versus log x
(Fig. 2, bottom left).

Both equations have been found to result in a good correlation between
the observed and calculated points (47, 48). However, the exponential
fit equation is more sensitive to changes in the 4 value in calculating
the LU. The von Krogh equation yields a better fit under these condi-
tions, because it contains the slope of the line, 1/n, as a third variable.
However, because of this variable, a serious source of error is introduced
in the LU calculation, and results of different effector cell preparations
or of different target cells can be compared only when the slopes of the
different curves are not significantly different.

The use of the cytotoxic assay to compare the NK cell activity of dif-
ferent normal donors or patients is complicated by a large variability
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of activity among normal donors and by day-to-day variation in sensi-
tivity of the assay system. In sequential studies normalization of the assay
is necessary in order to compare the results obtained in different
experiments. The work of Pross and collaborators (48, 52-55), who
studied this problem in detail, has generated several suggestions for the
normalization of the NK cell assay. The rank of cytotoxic activity
mediated by lymphocytes from normal donors remains relatively con-
stant over an extended period, in the absence of situations such as infec-
tion or drug treatment that alter NK cell activity (52, 56). It is therefore
possible to normalize the cytotoxic assay by using in each experiment
a group of control donors with similar average activity, but not necessarily
the same control donors in each experiment. However, because the
repeated use of fresh normal controls is frequently impractical,
cryopreserved lymphocytes are often used. NK cell functions are usually
markedly reduced after cryopreservation (57), but are almost completely
recovered if the lymphocytes are incubated for a few hours at 37°C after
thawing (53). Although cryopreservation may reduce the absolute
cytotoxic activity, the relative cytotoxicity of lymphocytes obtained from
different donors is maintained, making the use of cryopreserved lym-
phocytes for normalization of the cytotoxic assay possible (53). Normaliza-
tion in the cytotoxic assay is absolutely necessary in order to compare
results within experiments or among different laboratories. Unfortunately,
many of the published analyses of NK cell activity in patients completely
lack any normalization.

Several factors that can affect in vivo or in vitro NK cell activity must
be considered in analyses of NK cell cytotoxic activity of lymphocytes
from patients. NK cell activity tends to increase with donor age and
is, on average, higher in male than in female donors, making it impor-
tant to use a control group that is age and gender matched (52). Alcohol,
smoking, various common drugs (such as salicylates), stress, and con-
current diseases (such as infections) may also alter NK cell activity zn vivo.
In wuitro, the presence of monocytes and PMNs can suppress NK cell
cytotoxic activity, whereas the presence of erythrocytes in the assay deter-
mines a dose-dependent enhancement of cytotoxicity (58).

Other NK cell cytotoxic assays allow a direct microscopic observation
of the effector-target cell interaction. In the single-cell cytotoxic assay
in agarose, effector and target cells are allowed to form conjugates in
a pellet for a few minutes, and the conjugates are then immobilized in
smears of semisolid medium (agarose) (59, 60). The NK cells are
prevented from recycling by the agarose. The smears, on petri dishes
or on microscope slides, are incubated at 37°C for various periods, and
the dead cells are evaluated by dye exclusion, using trypan blue. The
slides can then be fixed and the conjugates and lytic conjugates can be
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counted. Different investigators have reported 15-40% human peripheral
blood lymphocytes (PBLs) forming conjugates with K562 cells (48,
61-63). Although a large proportion of NK cells [up to 1009 after
interferon (IFN) stimulation] bind to target cells, not all conjugate-
forming cells in human peripheral blood are NK cells. This has been
clearly shown in several studies in which the phenotype of binding cells
has been analyzed (63-66). As evaluated in the single-cell assay, the fre-
quency of lytic NK cells in human peripheral blood has been reported
to be 1-5% (61, 63). Combined use of the single-cell cytotoxic assay in
agarose and estimation of the maximum NK cell cytotoxic potential by
S1Cr release to study recycling of effector cells indicated that, on average,
an NK cell can lyse 2.3 target cells (62, 67).

Although laborious and difficult to quantitate, the single-cell assay
allows an approximation of the number of active NK cells in cell prepara-
tion, and it has been extremely useful to study the mechanisms of cyto-
toxicity and their alteration in patients or upon in vivo or in vitro drug
treatments. However, caution should be exercised in interpreting data,
especially those concerning NK cell recycling that are based on the
assumption that the single-cell assay has 100% efficiency in allowing
conjugation and killing by active NK cells.

Under appropriate experimental conditions, cell-mediated cytotox-
icity can be analyzed in a manner analogous to enzyme-catalyzed
reactions. Initial studies of the kinetics of cellular cytotoxicity reactions
generally applied the equation for simple enzyme kinetics originally devel-
oped by Michaelis and Menten (68-70). However, cellular cytotoxicity
reactions do not follow simple Michaelian kinetics. The experimentally
determined apparent Michaelis constant (K2PP) varies in proportion
to the number of lymphocytes present in the assay system (71). Because
of the differences between enzyme-catalyzed reactions and cellular
cytotoxicity reactions, more complex models were developed. Merrill (72)
developed more general equations that took into account the possibility
of noncytotoxic lymphocytes binding to target cells and inhibiting cytotox-
icity. In this model ¥,,, the maximum velocity for a natural cytotox-
icity reaction, is expressed as

Vmax = k2af[L] (4)

where [L] is the lymphocyte concentration, f is the fraction of target-
binding lymphocytes, « is the fraction of cytolytically active target-binding
lymphocytes, and &, is the rate constant for target cell lysis. The expres-
sion of K2PP that results from this model is very complex and takes into
consideration the rate constants for programming for lysis (see Section V)
and for target cell disintegration, the dissociation constant for target
conjugates of nonlytic lymphocytes, and the fractions of lymphocytes
that bind target cells and lyse target cells (72). However, for cytotoxicity
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mediated by human NK cells, Callewaert et al. (73, 74) determined that
programming for lysis is the rate-limiting step and the value of K2PP
is directly related to the frequency of target-binding cells within the
lymphocyte population. K?EP can be approximated by the expression

K*FP = f[L)(Km/ K1) )

where K., is the standard Michaelis-Menten constant and Kj is the
dissociation constant for target-binding nonlytic lymphocytes.

Vmax is a useful quantitative measure of the overall cytotoxic activity
of a lymphocyte preparation. V,,, values increase linearly with an
increasing number of lymphocytes in the assay and are useful for the
quantitative comparison of the relative cytotoxic activity of different
lymphocyte preparations. V., and LU values yield comparable
estimates of relative cytotoxic activity (75). The physical significance of
K?PP is more difficult to interpret. For NK cell-mediated cytotoxicity,
K?PP is not constant but varies with the concentrations of lymphocytes
tested, and it is approximately equal to the concentration of lytic lym-
phocytes (71). K2PP therefore allows for the simultaneous determination
both of the frequency of NK effector cells, according to the relationship

% NK = K2PP/[L] X 100 (6)

and of the activity of NK effector cells, by determining the rate con-
stant for target cells according to the relationship

k2 = Vmax/KaxIx)lp (7)

The initial rate of K562 cytolysis by human NK cells is maintained
for 1-3 hours, followed by a stable plateau of cytotoxicity values (Fig. 3),
reflecting the inability of NK cells to lyse additional target cells unless
stimulated with IFN or IL-2 (76, 77). These results suggest that, although
NK cells are able to lyse more than one target cell, their recycling ability,
unlike that of CTLs, is extremely modest (76). The kinetics analysis of
NK cell cytotoxicity is further complicated when target cell prepara-
tions are used that stimulate production of lymphokines, affecting NK
cell cytotoxicity during the assay. For example, production of IFN-« or
-v, by NK cells or other cell types present in the lymphocyte prepara-
tion, is observed when target cells are sensitized with IgG antibodies (78)
or infected with viruses (79, 80) or mycoplasmas (81, 82). A typical
example is the lysis of virus-infected target cells in which ¥V,
significantly increases after 4-6 hours of culture, because of IFN pro-
duction or other stimuli for NK cells (56) (Fig. 3).

lll. Phenotypic and Genotypic Characteristics of NK Cells

A. IbeEnTIFicaTION OF NK CELLS

Identification of NK cells based solely on their ability to mediate spon-
taneous and antibody-dependent cytotoxicity, a function shared with
other cell types, such as monocyte/macrophages and activated T cells,
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FIG. 3. Kinetics of NK cell-mediated cytotoxicity. PBLs from one donor were tested
against 10% K562 cells (@—@), rabbit IgG-coated P815 cells (A—A), human
fibroblasts ((1—1), or human fibroblasts infected with the HK strain of influenza virus
(I—1M8) in a 51Cr-release cytotoxicity assay. Cytotoxicity was evaluated at different times
and LUs were calculated from various effector-target cell ratios using the modified von
Krogh's equation.

has represented a major limitation in the analysis of NK cells. One of
the most significant contributions to the study of NK cells has been their
identification as a relatively homogeneous cell type on the basis of physical
and phenotypic characteristics and their LGL morphology (35). Human
NK/K cells were originally described as nonadherent, nonphagocytic,
FcyR-positive cells with lymphoid morphology. Although velocity
sedimentation experiments demonstrated that human K cells were larger
than the bulk of T lymphocytes (44), it was not until Saksela, Timonen,
and collaborators (35, 83, 84) analyzed cytotoxic effector cells adsorbed-
eluted from both fibroblast and cell line target cells that NK cells were
identified as LGLs, i.e., large lymphocytes with a high cytoplasm-nuclear
ratio and few discrete azurophilic granules. A separation technique involv-
ing a discontinuous Percoll gradient has been widely used for the enrich-
ment of LGLs based on their light buoyant density (85). This technique
has contributed much to the progress of studies of NK cells, allowing
investigations utilizing semipurified preparations of NK cells. Such
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preparations have been used for the analysis of surface phenotype and
morphology as well as functional characteristics of NK cells (86-90).
However, the use of these semipurified preparations has also generated
considerable artifact and confusion, due mostly to disregard of the follow-
ing facts: (1) LGL morphology is not unique to NK cells, and not all
NK cells may have typical LGL morphology at all times during differen-
tiation and functional activation (91); (2) light-density Percoll fractions,
although enriched for NK cells/LGLs, also contain monocytes, dendritic
accessory cells, human leukocyte antigen (HLA)-DR* IFN-a-producing
cells, T cell blasts, and memory T cells (92, 93), and even some of the
most careful purification procedures could not completely eliminate all
of these contaminant cell types; (3) whereas light-density Percoll frac-
tions are enriched for accessory cells, enriched T cell preparations from
high-density fractions are completely devoid of accessory cells; thus, some
of the reported differential activity of NK and T cells might rest in the
presence or absence of accessory cells in the cell preparations used.

The use of monoclonal antibodies to cell surface markers has greatly
contributed to the progress in the identification of the NK cell subset.
These studies are now being extended, with the use of molecular probes,
to assay for gene transcript expression and genotypic organization of NK
cells. Various methods of identification or purification of NK cells have
been used for the phenotypic analysis of NK cells using monoclonal
antibodies and molecular probes.

1. Elimination of antibody-positive cells with antibody and comple-
ment, or separation of cells by positive or negative selection using
fluorescence-activated cell sorting or indirect antiglobulin rosetting
methods, followed by analysis of the cytotoxic activity of the different
cell preparations (66, 94-96), has been very successful, although in some
cases not useful, in distinguishing between effector and accessory cells.
A serious difficulty in the studies of positive selection stems from the
possibility, now demonstrated for several cell surface markers, that the
reaction of antibodies with surface receptors on NK cells alters the
cytotoxicity and other functions of NK cells.

2. Analysis of surface markers of enriched preparations of LGLs from
Percoll gradients has generated some confusion due to the presence of
contaminant cells in the LGL preparations; however, they have also con-
tributed to the identification of these contaminants and have provided
means, using negative selection with appropriate monoclonal antibodies,
to eliminate them (89).

3. Combined use of monoclonal antibody analysis, by fluorescence
or complement cytotoxicity, and single-cell assay in semisolid medium
has been used for a direct and accurate phenotypic analysis of both target
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cell-binding lymphocytes and lytic effector NK cells (64, 66). Although
powerful, these methods are technically difficult, laborious, and tedious
to perform and have not been widely used.

4. Isolation of lymphocyte clones with NK cell activity, dependent
on IL-2 for growth and usually with a limited ¢n wiro life span, has been
recently reviewed in another volume of this series (20). The availability
of NK cell clones provides a unique opportunity to study NK cell func-
tions and characteristics using homogeneous cell preparations. However,
the ability to mediate non-MHC-restricted cytotoxicity is not a unique
property of NK cells, and some T cells, especially after IL-2 activation,
can also mediate non-MHC-restricted cytotoxicity (20, 97-99). Indeed,
most of the NK clones described in early studies were of T cell origin
(20). As in the case of Percoll separation of LGLs, the method of NK
cell cloning has allowed some of the most significant progress in the study
of NK cells, but has also generated artifactual information that underlies
much of the current controversy and confusion in the NK cell field.

5. With bulk expansion of NK cells in short-term cultures using dif-
ferent methods (100, 101), large numbers of nearly pure NK cells can
be obtained and used in biochemical and molecular studies that would
be impossible to perform on the limited numbers of NK cells obtainable
from fresh peripheral blood or spleen. However, as in the case of NK
cell clones, the use of these preparations carries the possibility of selec-
tive expansion of NK cell subsets and the use of in vitro activated cells
with functional and phenotypic characteristics different from those of
resting NK cells obtained ex vivo.

6. The rat leukemia RNK-16 cell line, which has spontaneous cytolytic
ability against YAC-1 cells and characteristics of NK cells (102), has been
used for biochemical and functional analyses of NK cells and their
cytotoxic mechanism. Human leukemias, chronic or acute, with expan-
sion of cells with NK cell characteristics are also known, although rare,
and have been used in some studies for the analysis of NK cell
characteristics (103).

Except for the artifacts due to the use of contaminated or non-
characterized NK cell preparations, the results obtained using all of these
different approaches for the identification of NK cells have been, in
general, consistent and serve to identify NK cells as a discrete lympho-
cyte subset with phenotypic and genotypic characteristics different from
those of T and B cells.

B. Surrace PHENOTYPE OF HuMaN NK CELLS

Early studies on human NK cells showed that virtually all of these
cells express FcyR and about 50% of them form low-affinity rosettes
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with sheep erythrocytes at 4°C, but, unlike T cells, only a small pro-
portion form high-affinity rosettes at 29°C (16, 104). The presence of
complement receptors (CRs) on NK cells has been a controversial issue
(11, 105-107). Most NK cells are now known to express the receptor for
C3bi (CR3 or CDI1b) but not those for either C3b (CR1 or CD35) or
C3d (CR2 or CD21) (108-111). The use of monoclonal antibodies has
revealed no surface antigen unique to NK cells, but rather a unique
combination of antigens, each shared with other cell types, mainly T cells
and myelomonocytic cells. Figure 4 summarizes the antigenic phenotype
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FIiG. 4. Surface markers of human NK/K cells as compared to B cells, T cells,
monocytes, and polymorphonucleated neutrophilic cells (PMNs). The antigens are
designated according to the clusters of differentiation (CD) defined for the leukocyte
differentiation antigens. The molecular weights of the precipitated molecules (reduced
form) and the prototype antibodies used for their identification are also indicated. The
length of the filled bars within each cell population indicates the approximate propor-
tion of cells expressing the antigens. However, the position of the bars within each cell
population may not always be representative of the overlapping or exclusive expression
of the antigens on different subsets. Solid bars, positive cells; stippled bars, low-density
positive cells; hatched bars, activated cells only.
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of NK cells in comparison to other leukocyte populations. Often, these
cell surface markers are not present on all NK cells, suggesting some
heterogeneity within the NK cell population. In general, human NK
cells lack cell surface marker characterisrics of B cells, with the excep-
tion of the recently described CB02 antigen, present on B cells and a
subset of NK cells (112). Most investigators agree that resting human
NK cells do not significantly express class II MHC antigens (95, 113,
114), although Brooks and Moore (115) have reported the expression of
HLA-DR, -DP, and -DQ antigens on a subset of NK cells.

1. FcR (CD16) Antigen

Various types of FcyR have been identified on human hematopoietic
cells. Monocytes and macrophages express at least two types of FcyR:
a high-affinity (K, ~ 108/M) receptor (p72 or FcRI) able to bind
monomeric IgG, and a low-affinity (K, ~ 105/M) receptor (gp40,
FcRII, or CDw32), also expressed on PMNs and B cells. PMNs also
express a third type of FcyR (CDI16 antigen) and, when activated by
immune IFN (IFN-y), FcRI. CDI16 FcR is also expressed on the large
majority of NK cells and on tissue macrophages as well as on monocyte-
derived macrophages. B cells express only CDw32 FcR.

CD16 FcR is a low-affinity receptor that binds IgG in immune com-
plexes with soluble or insoluble (e.g., antibody-coated cells) antigen but
does not bind monomeric IgG. Several monoclonal antibodies produced
against CD16 FcR (28, 95, 116-118) bind to few different antigenic deter-
minants on the CD16 molecule and, as discussed below, might have dif-
ferent cellular specificity. During differentiation of PMNs, CD16 antigen
appears at a late stage of myeloid differentiation in the bone marrow
(metamyelocytes or later). In the peripheral blood, CDI6 is expressed on
virtually all neutrophils, but only on eosinophils with a more mature mor-
phology. Basophils do not express CD16 FcR. Circulating monocytes express
little, if any, CD16 FcR, but zn vitro cultured monocytes express it at high
density. Due to the limited information on NK cell differentiation, it
remains unknown when CD16 FcR is first expressed on these cells.

The first anti-CD16 antibody, 3G8, was shown to react with PMNs
and macrophages (116). Another anti-CD16 monoclonal antibody, B73.1
(95), reacts with the large majority of human NK cells. CD16* lympho-
cytes contain virtually all of the lymphocytes able to mediate spontaneous
cytotoxicity. Although not present exclusively on NK cells, the CD16
antigen still represents the best marker to identify and purify NK cells
among peripheral blood mononuclear cells. Unlike 3G8, antibody B73.1
reacts with PMNs of only 509 of donors; both antibodies react with
NK cells from all donors. Other antibodies that cross-compete with B73.1
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but not with 3G8 for binding to NK cells also react with PMNs from
only a proportion of donors. 3G8 and B73.1 (and other antibodies, such
as anti-Leu-11a/b, CLB FcR-gran 1, and VEP-13) react with at least two
different determinants on the CD16 molecule (28). Although the
significance of this differential cellular reactivity of anti-CD16 antibodies
to different determinants of the molecule is unknown, this observation
points to a possible heterogeneity of the CD16 molecule on different cell
types. The anti-CD16 antibody, CLB-gran 11, never reacts with NK cells
and detects only PMNs of donors carrying the allele NAl (phenotypic
frequency, 46%) of the neutrophil-specific NA antigen biallelic system
(119). These results show that PMN CD16 FcR, but not NK cell CD16
FcR, carries the NA antigenic determinants.

The antibody AB8.28 (120, 121) was originally described as specific
for NK cell FcyR, based on its ability to block rosette formation with
antibody-coated erythrocytes. However the antigen recognized by this
antibody shows different molecular characteristics from those of CD16
antigen, is still present on the cells when the CD16 FcR is down-modulated
by antibodies or immune complexes (122), and rapidly disappears from
NK cells in culture when CDI16 FcR is strongly expressed. The exact
nature of the AB8.28 antigen remains to be established.

The CD16 molecules precipitated from the membrane of PMNs or
NK cells appear on sodium dodecyl sulfate (SDS) gels as a broad band
corresponding to a molecular weight between 50,000 and 70,000 (95,
116). The molecules are highly glycosylated and, after treatment with
N-glycanase, resolve in small products as bands migrating at 23-28 and
32-36 kDa from PMNs and NK cells, respectively (123-126). From
monocyte-derived macrophages, the anti-CD16 antibodies precipitate
a 53 kDa species minimally altered, if at all, by treatment with
N-glycanase (123). These results suggest that the CDI16 antigen is expressed
on different cell types on molecules with different levels of glycosylation
and with a polypeptide backbone of different lengths.

Recently, a complementary DNA clone encoding CD16 determinants
was isolated that gave rise to IgG-binding molecules with affinity and
specificity expected for CD16 in transfected COS cells (124). The cDNA
was isolated from an expression library of human placenta, and therefore
the exact cellular origin is unknown.

CD16 cDNA-transfected COS cells bound human IgGs and IgG; and
mouse IgGy, and IgG;s with a K, of ~105/M and murine IgG; with lower
affinity, but did not bind human IgG, and IgG, or murine IgGgy, (124).

The cloned CD16 cDNA sequence spans 888 nucleotides and encodes
a predicted peptide of 233 residues. The first 18 residues have the typical
feature of a secretory signal sequence. The signal peptide is followed
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by two Ig-related segments with two intrachain disulfide bonds and
significant homology to members of the constant-region C-2 set of the
Ig superfamily. The predicted molecular mass of the expected polypeptide
(~25 kDa) is consistent with that observed for CDI16 molecules
precipitated from PMNs and treated with N-glycanase. The polypeptide
sequence ends with a short hydrophobic domain (residues 200-220),
followed by four hydrophilic residues. A similar structure and
hydropathicity profile is shared by membrane proteins bearing glycosyl
phosphatidylinositol phospholipid (GPI-PL)-linked carboxy termini.
Various groups (124, 127, 128) have provided evidence that the CD16
molecules are linked to the cell membrane through GPI-PL: (1) CD16
molecules are removed from the cell membrane and released into the
supernatant when PMNs or CD16-transfected COS cells are treated with
GPI-specific phospholipase C (GPI-PLC), and (2) PMNs from patients
with paroxysmal nocturnal hemoglobinuria (PNH), an acquired abnor-
mality affecting GPI tail biosynthesis or attachment, lack expression of
CD16 FcR. However, the possibility remains that CD16 FcR in cell types
other than PMNs (such as NK cells and macrophages) is at least in part
a transmembrane molecule, as suggested by (1) heterogeneity in CD16
polypeptide molecular mass in different cell types, (2) normal expres-
sion of CDI16 FcR on NK cells and cultured monocytes from PNH patients
(127-129), and (3) an inability of GPI-PLC to remove CD16 FcR from
human NK cells (124, 126). Both PMNs and NK cells spontaneously
shed CDI6 antigen in the absence of GPI-PLC treatment. After diges-
tion with N-glycanase, the CD16 antigen shed from NK cells resolves
in SDS gels in 23-28 kDa smaller fragments identical to those precipitated
from both PMN supernatant and cells (126). Thus, the CD16 antigen
on NK cells and PMNs might undergo spontaneous proteolytic cleav-
age at the same position, but, unlike in PMNs, the cleaved antigen from
NK cells fails to remain on the membrane as a GPI-linked molecule
and is released into the supernatant.

The CD16 sequence shares highest homology with the o gene of the
murine FcRII, followed by the human CDw32 and the 3 gene of murine
FcRII. Interestingly, murine NK cells express RNA transcripts of the
o gene but not of the 8 gene of FcRII (130). The homology between
CD16 FcR and murine FcRIlo genes extends through the putative
transmembrane portion (17 identical nucleotides of 21 in that domain),
but the o transcript, unlike the CDI16 transcript, presents a long
intracytoplasmatic domain, suggesting that the murine FcRIIx genes
are transmembrane proteins. Analysis of FcyRIII (CD16) transcripts
isolated from PMN and NK cells of single donors revealed multiple single
nucleotide differences between these respective sequences (126). One of
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these differences converts an in-frame UGA termination codon to a CGA
codon, resulting in an extended open reading frame encoding 21 addi-
tional amino acids (126). The CD16 FcR transcripts in NK cells therefore
encode a 25-amino acid intracytoplasmatic domain that is highly homo-
logous to that of murine FcRIIx (126). Recently, two nearly identical,
linked genes have been cloned for Fcy RIII (CD16). These genes are
transcribed in a cell-type specific fashion to generate the alternatively
anchored forms of this receptor (126). The close analogy between CD16
FcR and the murine FcRIIe indicates that CD16 is expressed on a
molecule that represents the human equivalent of murine FcRIla.
The functional relevance of the structural differences between CD16 FcR
on NK cells and PMN:s is indicated by the fact that NK cells, but not
PMNs, are able to lyse anti-CD16 antibody-producing hybrid cells, indi-
cating that CDI16 antigen on NK cells functions as a signal-transducing
structure in ADCC (125, 131). On the other hand, PMNs lyse anti-CDw32
FcRII-producing cells, indicating that in these cell types CDw32 FcRII,
but not CDI16 FcR, functions as signal-transducing structures in ADCC (131).
The surface expression of CD16 on human NK cells is highly regulated.
Incubation of NK cells with anti-CD16 antibodies or immune complexes
determines a rapid disappearance of the CD16 antigen from the cell
surface (132). Treatment of NK cells with phorbol diesters also induces
complete down-modulation of CD16 antigen expression in a few minutes
(183). When anti-CDI16 antibodies are cross-linked by a second anti-mouse
Ig antibody on the NK cell surface, the CD16-antibody complex is inter-
nalized, as demonstrated by the disappearance of the antibody from
the surface and by its release into the supernatant in the form of small
proteolytic fragments (132, 134). However, CD16 antigen is spontaneously
released from NK cells and PMNs, and release of CD16 from PMNs is
increased by activation with chemotactic peptides (127). It is therefore
possible that shedding of CD16 antigen plays some role in the down-
modulation observed with antibodies and with phorbol diesters. In most
healthy donors the CD16 antigen is expressed on an insignificant pro-
portion of CD3" T cells. However, the presence of approximately 5-10%
CD3*, CD16% T cells has been described in two of 50 donors tested
(135). These T cells express CD16 antigen at a much lower density than
do CD3~, CD16* NK cells. CD3* clones expressing CD16 antigen have
also been described (136), and CD3"*, CDI16* is a common phenotype of
the cells from LGL lymphocytosis patients, as discussed later in this review.
CD16 FcR is the receptor used by NK cells for recognition of antibody-
coated target cells, and in general only CD16% clones have ADCC
activity. It was proposed that FcyR* and FcyR~ subsets of NK cells
mediate cytotoxicity against K562 cells and the Burkitt’s lymphoma cell
line, Daudi, respectively (137). However, these data have not been
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confirmed using anti-CDI16 antibodies. CD16 antigen is expressed on more
than 95% of the peripheral blood cells with cytotoxic activity for both
K562 and Daudi target cells (95).

2. NKH-1/Leu-19 Antigen

A series of antibodies was produced that reacts with most NK cells
and precipitates a molecule of molecular weight 200,000-220,000, often
referred to as NKH-1 or Leu-19 antigen. The first antibody described,
N901, was derived from mice immunized with cells from a chronic
myeloid leukemia patient in blastic crisis (138). In addition to reacting
with NK cells, antibody N901 recognizes an antigen expressed at high
density on the immature myeloid cell line KGla and on the majority
of cells from some patients with acute myeloid leukemia (138). N901
also reacts with neurons, neuroblastoma cell lines, and human terato-
carcinoma cells, especially after induced differentiation to neural cells
(139; P. Andrews, personal communication). The NKH-1/Leu-19 antigen
has been shown recently to be expressing the neural adhesion protein
N-CAM (L. Lanier, personal communication). Two other antibodies,
NKH-1A (140) and anti-Leu-19 (141), were shown to react with NK cells
with the same specificity as N901 and to precipitate a protein of 200 kDa.
Binding competition among different antibodies with this specificity is
not usually observed, suggesting the existence of several antigenic sites
on the molecule. The NKH-1/Leu-19 antigen is expressed at very low
density on peripheral blood NK cells, but its density increases significantly
following ¢n vitro stimulation and growth of NK cells (100). The subset
of PBLs expressing the NKH-1/Leu-19 antigen (on average, 15% of lym-
phocytes and 90% of LGLs) almost completely overlaps with that express-
ing the CDI16 antigen (141). The CD16 -, NKH-17 cells, representing
2-39% of PBLs, can be subdivided into two subsets based on expression
of the CD3 antigens (141). CD3~, NKH-1", CD16~ cells are probably
NK cells that do not express the CD16 antigens because of differentia-
tion or activation state. CD3*, NKH-1*, mostly CD16~, cells represent
a minor subset of T cells with low but significant non-MHC-restricted
ability (141). Expansion #n vitro of CD3*, NKH-1* lymphocytes
generates a high proportion of clones expressing the T cell receptor for
antigen (TCR)-associated clonotype NKTa, which mediate non-MHC-
restricted cytotoxicity by recognizing, via the TCR, the antigen TNK
TAR detected by antibody 4F2 on proliferating target cells (142-144).
NKH-1/Leu-19 antigen is almost invariably expressed on clones with non-
MHC-restricted specificity, both CD3~ and CD3* (20). However, the
presence of NKH-1/Leu-19 antigen on some clones without cytotoxic
activity excludes an association between the antigen and cytotoxicity (145).

Another monoclonal antibody, anti-NKH-2, also shows selective reac-
tivity for LGLs (140) and precipitates a molecule of 60 kDa, distinct from
NKH-1. About 7% of PBLs express NKH-2 antigens and partially overlap
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with the NKH-1%, subsets. The NKH-1*, NKH-2" cells in peripheral
blood appear to have higher cytotoxic activity than do NKH-17,
NKH-27 cells, although highly cytotoxic clones of either phenotype have
been described (20, 140).

3. HNK-1/Leu-7 Antigen

The reactivity of antibody HNK-1 (anti-Leu-7), originally described
as NK cell specific (146), is complex. This IgM antibody precipitates
a 110-kDa antigen from PBLs and reacts with 30-70% of peripheral
blood NK cells, with variability among donors (95, 96). Unlike the
observation for CD16 and NKH-1/Leu-19 antigens, there is no correla-
tion between the percentage of PBLs positive for HNK-1/Leu-7 antigen
and NK cell cytotoxicity (95). The expression of HNK-1/Leu-7 is rapidly
lost in vitro, and neither bulk cultures nor clones of NK cells express
it (20, 100, 147). Cord blood NK cells, which normally express CD16
antigen and have reduced but significant NK cell activity, do not express
HNK:-1/Leu-7 antigen (95, 148). In addition to its reactivity with some
NK cells, HNK-1 reacts with a variable proportion of CD3*, CD8* and
sometimes HLA-DR* T cells (149) and also with a rare population of
CD4* T cells that is expanded in various pathological conditions
(150-152). These CD4*, HNK-1/Leu-7* cells are present in physiological
conditions in germinal centers of lymphoid tissue and are granular lym-
phocytes with a lower ability to produce IL-2 and B cell-stimulating factor
than HNK-1/Leu-7~, CD4" helper T cells (153, 154). A morphology
of LGLs or at least the presence of granules seems to characterize most
HNK-1/Leu-7* lymphocytes with both T and NK cell markers (149).

The CD3*, CD8+, HNK-1" cells, which phenotypically resemble
T cells but have a reduced response to mitogenic or allogeneic stimula-
tion and are slightly larger and more granular than most T cells, have
been proposed as the NK precursors (149, 155). However, transforma-
tion or maturation from one cell type to the other has never been demon-
strated, and the presence of TCR gene rearrangement in CD3™,
HNK-1* but not in CD3~, HNK-1* has definitively negated this
hypothesis. Based on the present understanding of the specificity of
HNK-1 antibody, most of the conclusions on NK cell biology and func-
tions reached using this antibody as the only probe should be rejected
and HNK-1 should not be used as an NK cell marker.

Four subsets of PBLs have been distinguished on the basis of reac-
tivity of PBLs with HNK-1 and anti-CD16 antibody (96, 149): CD3 ",
CD16%, HNK-1~ NK cells, with the highest cytotoxic activity; CD3~,
CD16%, HNK-1* NK cells, with intermediate cytotoxic activity; CD3™,
CD16~, HNK-1* T cells, with low (or null) cytotoxic activity; and CD3%,
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CDI16 ~, HNK-1~ small T cells, with no cytotoxic activity. Interestingly,
the T cells that can be induced to become cytotoxic by treatment with
IL-2 are mostly included in the CD3* HNK-1* subset (156). Moreover,
CD3*, CD4*, HNK-1* PBLs bind but do not lyse NK cell-sensitive
target cells (152).

Several cell types other than lymphocytes react with HNK-1/Leu-7
antibody. The antigen recognized by the antibody is present on myelin-
associated glycoprotein (MAG) (157, 158), and several anti-MAG
antibodies have the same specificity on lymphocytes as the HNK-1
antibody (159-162). Antibody HNK-1 reacts with peripheral nerves, spinal
cord, small-cell carcinoma and adenocarcinoma of the lung, endocrine
cells of the fetal bronchus, other neuroendocrine cells, and hypertrophic
and malignant prostatic epithelium (163-168). HNK-1 also reacts with
neural cell adhesion molecules (169). However, the possibility that
antibody HNK-1 recognizes on NK cells an adhesion molecule involved
in target cell recognition seems quite unlikely, since HNK-1~ NK cells
are more cytotoxic than are HNK-1* NK cells and expression of the
antigen is rapidly lost on highly cytotoxic NK cell cultures and clones
(20, 100). The reactivity of many different glycoproteins and cell types
with HNK-1 antibody is explained by shared carbohydrate moieties (170,
171). The carbohydrate recognized by HNK-1 is present on both glyco-
proteins and glycolipids (170). The glycolipid recognized is an unusual
glucuronic acid-containing sulfated glycosphingolipid with five sugars
but without sialic acid (171).

Monoclonal IgM antibodies with the same reactivity as HNK-1 are
present in the serum of patients with peripheral polyneuropathy, a benign
chronic demyelinating disease of older patients (172-174). Although the
monoclonal IgM from patients shows binding competition with HNK-1,
suggesting an identical antigenic specificity, binding affinity is very low
compared to HNK-1 and binding can be demonstrated at 4°C but not
at 37°C (159). It is therefore unlikely that the human monoclonal
antibodies bind 7n v#vo to circulating NK cells. Neuropathy patients with
monoclonal paraproteinemia usually have a normal number and activity
of NK cells (175, 176), although a decreased number of HNK-1% cells
was reported in three patients (177).

4. CD11/CD18 Antigens and Myelomonocytic Antigens

CDI11/CDI18 is a family of three molecules composed of a common
8 subunit (CD18, 95 kDa) and different « subunits: CDlla or LFA-l,
CDll1b or CR3, and CDllc or pl50 (178). All three molecules are expressed
on human NK cells (179). CD1la or LFA-1 is expressed on all lymphocytes,
whereas CD11b and CDllc tend to be expressed preferentially on NK
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cells/ LGLs (110, 179). CDIlb is strongly expressed on PMNs and
monocytes (180). The reactivity of anti-CD11b antibody OKMI1 with NK
cells was first reported as evidence for the myeloid nature of NK cells
(94, 110). However, CDI11b is present at low intensity in the majority of,
but not all, NK cells, is expressed on some T cells, and rapidly disap-
pears from NK cells maintained in culture (100)

Two monoclonal antibodies, H25 and H366 (181, 182), generated
against the human T cell line HSB-2 and precipitating polypeptide chains
of 96 and 53 kDa, respectively, have been described to react with all
NK cells and with few other PBLs. Antibodies H25 and H366 react with
monocytes, myeloid and erythroid precursor cells, and myeloid blasts
and promyelocytes, but not with more mature myeloid cells (181, 182).

With the exception of CD11b, CD16, NKH-1, H25, and H366, none
of a series of other antigens present on myelomonocytic cells at various
stages of differentiation is expressed on NK cells (183, 184).

5. T Cell-Associated Antigens and TCR

Human NK cells do not express the 69-kDa CD5 membrane antigen
present on all T cells (95, 183, 185), although anti-CD5 antibodies react
with a cytoplasmic antigen on permeabilized NK cells (186). CD4 antigen
is not expressed on NK cells, whereas 30-50% of NK cells express the
CD8 antigen at characteristic low density (66). The CD8 antigen
precipitated by anti-CD8 antibodies from NK cells appears identical on
SDS gels to that precipitated from T cells (132). CD8 antigen expres-
sion is maintained in bulk cultures of NK cells (100), but CD3~ CD8*
NK clones are rare (20). CD8* and CD8~ NK cells have similar
cytotoxic activity and no other different functional abilities have been
identified in the two subsets (66). The CD7 and the D44 (187) antigens
are also expressed on NK cells,

A proportion (~50%) of NK cells express a low-affinity receptor for
sheep erythrocytes (E-R), forming rosettes at 4°C but not at 29°C.
However, ~90% of NK cells react with anti-CD2 antibodies, which detect
SRBCs. The expression of CD2 is more heterogeneous on NK cells than
on T cells, and there is no correlation between CD2 expression and
cytotoxic ability of NK cells.

Antibody NK9 (188, 189) against a distinct sialylated antigen of the
T200 family was described to react specifically with NK cells, CTL
precursor cells and both allospecific and non-MHC-restricted CTLs.
However, antibody NK9 reacts with all leukocytes, at least at low inten-
sity, and its specificity for cytotoxic cells appears to be more quantitative
than qualitative (E. Sikseld and L. Lanier, personal communication).

The majority of NK cells express at low density the 46-kDa antigen
CD38 recognized by antibody OKT10, whereas resting T cells are negative
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for this antigen (89). However, the antigen is strongly expressed on both
T and NK cells activated ¢n witro to proliferate (190, 191). Like T cells
(190), #n vitro activated and proliferating NK cells express HLA-DR,
transferrin receptor, 4F2 antigen, and IL-2 receptor TAC (CD25) (78,
191, 192). CD25 antigen and transferrin receptor are rapidly down-
modulated when the cells revert to a resting state (78), whereas HLA-DR
antigens are maintained for a longer time (100), possibly due to a longer
half-life of these molecules at the cell surface.

Although minor subsets of CD3* cells have been reported to mediate
very low levels of non-MHC-restricted cytotoxicity, virtually all natural
cytotoxicity is mediated by CD3~ lymphocytes (95, 117, 183, 185). No
anti-CD3 antibodies, regardless of their specificity, have ever been
described to react with NK cells, although the transcript of the CD3e
gene, encoding one of the four chains of the CD3 antigen, has been
reproducibly detected in CD3~ NK clones (193) and in bulk cultures
of NK cells (194).

Analysis of TCRS and v genes showed no evidence of rearrangement
in both fresh and cultured human NK cells (195-200), although, as
expected, rearrangement was observed in CD3" T cell clones with non-
MHC-restricted cytotoxic activity (195, 200). A germ-line organization
of the TCR« genes in at least most NK cells is suggested by the lack
of significant decrease of hybridization of NK cell DNA to the TCRé
cDNA probe in Southern blotting, contrary to what would be expected
if the 6 genes were deleted following TCR« rearrangement (194). No
rearrangements were evident in the TCR region of NK cells (194, 201).
T cell clones that rearrange the TCRy and 6 genes and express TCR~vd
at the cell surface have been originated from either adult or fetal blood
and shown to mediate non-MHC-restricted cytotoxicity (202-205).
However, fresh TCRy6* PBLs do not mediate natural cytotoxicity
(L. Lanier, personal communication).

NK cells do not have detectable TCR on the cell surface, as detected
by antibodies to TCRaf or v, nor do these cells express TCR after
in vitro culture (100). Whereas no transcripts for the TCR« and +y genes
are detectable in NK cells, a nonfunctional 1.0-kb transcript of the TCRS3
gene, containing no V region, is reproducibly detected in NK cells or
CD3~ NK cell clones (100, 195, 196). Whether the truncated message
in NK cells is derived from a partial D-]J rearrangement in the TCRf
gene or is due to transcription of a germ-line gene is not yet known.
Interestingly, the TCRS gene in NK cells is more methylated than in
T cells, but less methylated than in B cells and monocytes, suggesting
at least a partial activation of the gene (206). NK cells also express large
amounts of truncated TCR4 transcripts of different sizes, containing J and
C regions, but no V region (194, 201). A possible difference between
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T cells and NK cells in the 3’ untranslated region of TCRS mRNA is
suggested by the sequence data obtained by analyzing a limited number
of transcripts cloned so far (194).

C. SURrACE PHENOTYPE OF NK CELLS FROM EXPERIMENTAL ANIMALS

Several antigens specifically expressed on mouse NK cells have been
described. Alloantibodies different from anti-Lyt-2 and reacting
specifically with NK cells were first described in anti-Ly-2 antisera
generated by immunizing C3H mice with cells from the CE strain (207).
A more specific antiserum (C3H X BALB/c) F, anti-CE, which lacks
Ly-2 specificity, was prepared and used for the designation of a specific
NK cell alloantigenic system, NK-1 (208). A monoclonal anti-NK-1
antibody, clone PK136, was also obtained (209). Sorting of spleen cells
reactive or nonreactive with anti-NK-1 antibody from mouse strains
expressing the NK-1.1 allele demonstrated that all the NK cytotoxic
activity was present in the NK-1.17 subset (210). Anti-NK-1.1 antibody
is specific for murine NK cells and reacts with a small population of
spleen cells with granular lymphocyte morphology (210). Repeated weekly
treatment n vivo of mice with anti-NK-1.1 antibody induces disap-
pearance of mature NK cells, but not of NK cell precursors (211). NK
cell-specific antibodies detected in CE anti-CBA alloantisera have been
originally designated anti-NK-1.2 and considered to be specific for an
allele of NK-1.1 (212). However, the existence of strains such as C57BL
that react with both antibodies excluded the possibility that the two
antigens were alleles (213). The strain specificity of the CE anti-CBA
alloantiserum is similar, but not identical, to that of the NZB anti-
BALB/c (anti-NK-2.1) sera (214). The two alloantisera are now consid-
ered to be directed against the same alloantigen, NK-2.1 (2138). A third
antigen, NK-3.1, which segregates independently of NK-1.1 and NK-2.1,
was detected in several strains by a C3H anti-ST alloantiserum (215).
When tested in the presence of complement against the appropriate
strains of mice, these three antisera completely abolish the NK cell activity
against YAC-1 and some other target cells. However, when other target
cells, such as K562, were tested, the cytotoxic activity in C57BL spleens
was eliminated by anti-NK-2.1 but not by anti-NK-1.1. Further, when
RBL-5 and other target cells were used, neither antiserum affected NK
cell activity. These results suggest a heterogeneity in the expression of
the NK-1 and NK-2 antigens in murine NK cells (216).

The three antigens of the NK series are all alloantigens and therefore
each is present only in a limited number of strains. Recently, a rat
monoclonal antibody has been produced directed against an 87-kDa
antigen, LGL-1, present on NK cells from all mouse strains tested (217),
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although some strains express it at a higher density than others (V. Kumar,
personal communication). The LGL-1-antigen is specifically expressed
on most or all NK cells, although a small subset of CD3* LGL-1* spleen
cells was detected by immunofluorescence (217).

Heterologous anti-asialo-GM; antisera together with complement
completely eliminate murine NK cell activity and partially abrogate CTL
activity (218, 219). Flow-cytometric studies have shown that asialo-GM,
is expressed on both NK cells and CTLs, but that NK cells are more
sensitive than CTLs to treatment with anti-asialo-GM; and complement
(220). Asialo-GM; is also present on activated and tumoricidal
macrophages (221). However, even with these limitations of specificity,
the anti-asialo-GM; reagents were an extremely useful tool for dissect-
ing the role of NK cells #n v#vo and #n vitro before monoclonal antibodies
to more specific antigens became available (219, 220, 222). Also, on the
basis of asialo-GM, expression, a possible heterogeneity of murine NK
cells was detected, i.e., whereas all NK cells cytotoxic for YAC-1 cells
are asialo-GM; positive, those lysing herpes simplex virus (HSV)-1-
infected fibroblasts include both asialo-GM,-positive and -negative
subsets (223). The reduced specificity of the anti-asialo-GM; antisera
might rest in their reactivity with other gangliosides, such as asialo-GMj,
and asialo-GMj (224). Monoclonal antibodies have been produced that
are more specific for asialo-GM; than the antisera and can completely
deplete NK cell activity: These monoclonal antibodies have a lower reac-
tivity to T cells than the polyclonal antisera and could be more specific
reagents for murine and rat NK cells (224, 225).

Another antigen that is shared by NK cells and a subset of T cells,
including CTL precursors and some MHC-restricted CTLs, is the Qa-5
antigen (226, 227). An IgM monoclonal antibody, anti-Qa-5, produced
by AKR mice immunized with C57BL./6 lymphocytes is a useful reagent,
together with complement, to eliminate NK cell activity (228). However,
the pattern of expression of Qa-5 on NK cells from different mouse strains
was found to differ from that observed on lymph node cells but to match
that observed for the strain distribution of the NK-1.1 antigen, raising
the possibility that the Qa-5 antigenic determinant is an epitope of the
NK-1 molecule on NK cells (229).

Ly-11, a cell surface marker present on 10-20% of the cells from various
lymphoid organs, is also expressed on NK cells and prothymocytes, but
not on mature B or T cells (230).

Thy-1 antigen has a variable distribution on NK cells, with some but
not all monoclonal anti-Thy-1 antibodies reacting with up to 50% of
the NK cells in normal mice and up to 90% of NK cells in nude mice
(281-233). The Thy-1* subset of NK cells has higher cytotoxic activity
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and proliferative ability than the Thy-1- subset (234). IL-2-activated
NK cells are mostly Thy-1*, suggesting that either Thy-1 is an activa-
tion antigen on NK cells or that IL-2 induces preferential growth of
Thy-1* NK cells (234).

Ly-5 antigen, a polymorphic determinant of the T200 molecule, is
expressed on all hematopoietic cells, including NK cells. Anti-Ly-5 and
nonpolymorphic anti-T200 antibodies block NK cell activity even in the
absence of complement (208, 235). The T cell antigens Qa-2, Qa-4, Ly-6,
and Ly-10, but not Qa-1, Qa-3, or Ly-2, are also expressed on a propor-
tion of NK cells (232). Ly-1 (CD5) antigen, present on thymocytes, T cells,
and a subset of T cells, is usually not present on NK cells (235), although
its expression on 25% of NK cells has been reported in Ly-1.1 congenic
mice (232). B cell/macrophage antigen Ly-M and the Lyb-2 B cell-specific
marker are not detected on NK cells (232). The antibody MAC-1, specific
for the C3bi receptor on myelomonocytic cells, detects this antigen on
NK cells obtained from the peritoneal exudate of Listeria monocytogene-
infected mice (236, 237). However, only a minor subset of fresh, non-
activated NK cells was found to express the MAC-1 antigen (229).

Several cloned lines with NK cell characteristics have been generated
from mouse lymphocytes (238-241). These cell lines have been shown
to express both NK cell markers, such as NK-1.1 and NK-2.1, and T cell
markers (239). Analysis of the rearrangement of TCR genes in these clones
has definitively confirmed that most or all of these cell lines present func-
tional rearrangements in the TCR genes, demonstrating that they are
T cell clones with non-MHC-restricted cytotoxic ability (242, 243). The
isolation of these T cell clones expressing NK cell markers may be due
to the selective growth of the small subset of T cells expressing NK-1
and NK-2 antigens. The expression of these antigens is similar to that
of the human NKH-1/Leu-19 antigen, which is usually found to be
associated with T cell clones with non-MHC-restricted cytotoxicity. All
studies performed on freshly isolated murine NK cells or on their short-
term bulk cultures have confirmed that in mice, as in humans, NK cells
neither functionally express nor rearrange any of the four TCR genes
(234, 244, 245). Murine NK cells accumulate a nonfunctional 1.0-kb
truncated TCRp transcript but, unlike human NK cells, do not
accumulate transcripts of any of the CD3 genes at detectable levels (244).

Murine NK cells, like human NK cells, can mediate ADCC, suggesting
that at least a proportion of them bear FcyR (115, 246-248). The pres-
ence of FcyR on murine NK cells has also been suggested by data showing
that absorption on monolayers of IgG-sensitized erythrocytes significantly
reduces, but never completely abolishes, the NK cell activity of murine
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spleen cells (246) and that a relevant proportion of the murine splenic
lymphocytes that form conjugates with YAC-1 belong to the subset that
forms rosettes with IgG-sensitized erythrocytes (249). Recently, it has been
shown that fresh and cultured murine NK cells react with the anti-FcyRII
antibody 2.4G2 (250). Northern blot analysis has shown that n vitro
propagated murine NK cells accumulate transcripts only for FcyRII-q,
one of the two genes encoding the 2.4G2-reactive FcyRII in the mouse
(130). Thus, murine NK cells, like human NK cells, express only one
type of FcyR. FcyRII-« is highly homologous to the CD16 FcR expressed
on human NK cells (124). FcyRII-x-encoded polypeptide is the recep-
tor used by murine NK cells in ADCC, as shown by the ability of the
2.4G2 antibody to block the ADCC activity of murine NK cells (130).

Another type of spo