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Regulation of Immunoglobulin E Biosynthesis 

KlMlSHlGE ISHIZAKA 

The Johns Hopkins University, 
School of Medicine at Good Samaritan Hospltol, 

Baltimore. Marylond 21239 

1. 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. 

II. Mechanisms for the IgE Antibody Response 

A. DISSOCIATION BETWEEN THE IgE AND IgG ANTIBODY 

Many years ago Sherman et al. (1940) determined reaginic antibody 
titers in the sera of hay fever patients by Prausnitz-Kustner 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. 

RESPONSES in Vivo 
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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 IgGl 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 a l . ,  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 IgGl nor IgG2 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 in Vitro 

1. IgE Antibody Response by Rabbit Lymphocytes 

In order to analyze the mechanisms involved in IgE synthesis, in 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 
in mvo provided MLN cells that were capable of being stimulated in mlro 
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 pg/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 111, 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 IgGl antibodies were detected in culture supernatants. 
The antibody responses required T cells and depended on carner-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 IgC-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 IgGl or IgE. 

4 .  IgE Synthesis by Human Lymphocytes 

Numerous investigators have reported that peripheral blood 
mononuclear cells (PBMCs) 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 in 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 in vilro. 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., 198l), 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 a l . ,  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 IgG, 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 CELLS 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 FccRII 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 a l . ,  1982), and the majority of sIgM+ sIgD+ B cells in normal 
human peripheral blood could be stained with monoclonal anti-FceRI1 
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 ( BDF1) 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 IgGl formation 
(Coffman et al . ,  1986), which was accompanied by decreases in IgGzb 
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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 IgGl 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 sIgG1-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 sIgGl 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 
PBMCs. Recently, P6ne 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 y-interferon (IFNy). This lymphokine inhibits not only the 
IL-4-induced increase in Ia expression (Mond et al., 1986) and FccRII 
(Conrad et al., 1987) on resting B cells, but also the formation of IgE 
and IgGl by B cells stimulated with LPS plus IL-4 (Coffman and Carty, 
1986). Only 1-10 antiviral U/ml IFNy totally inhibits IL-4 plus LPS- 
induced IgE and IgGl production. Although IFNy 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 IFNy was less 
than 50%. The IL-4-induced formation of IgE by human PBMCs was 
also suppressed by IFNy and IFNa (P6ne et al., 198813). 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., TH1 and TH2, which produce different ILs upon antigenic 
stimulation. Both subsets express Lyt-1 and L3T4; however, TH1 pro- 
duces IL-2, IFNy, and lymphotoxin, while TH2 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 TH1 and TH2 
clones are quite stable, suggesting that individual stimulated helper 
T cells may express only one phenotype. Coffman et al. (1988) found 
that both TH1 and TH2 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 TH1 and TH2 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, TH2 clones 
gave much better help than did TH1 clones for the production of Ig. 
The majority of the Ig produced by the polyclonal activation of B cells 
by the TH2 clone was IgM and IgGl but a substantial quantity of IgE 
was also produced in the system. When the same B cells were cultured 
with a rabbit IgG-specific TH1 clone and rabbit anti-mouse Ig, only 

TABLE I 

B CELLS TO RGG-SPECIFIC HELPER T CELL CLONES~ 
ISOTYPE DISTRIBUTION OF POLYCLONAL RFSPONSE OF NORMAL 

THl 
TH2 TH1 + IL-2 + anti-IFNy 

Isotype (ng/ml) (ng/ml) (ndml)  

IgE 187 c1 c1 
IgM 98,000 248 65,000 

Ig* 484 c1 825 
W l  21,600 C8 5280 
IgC2a 39 14 2760 
%G2b 189 C8 135 
IgGs 354 C8 474 

nCoffman et al. (1988). 



REGULATION OF IgE BIOSYNTHESIS 11 

IgM was detected in culture supernatants. The results shown in Table I 
indicate that helper T cells for Ig production are TH2 cells rather than 
THl cells. Since IFNy could be suppressive for the production of Ig, 
these investigators supplemented the TH1 system with anti-IFNy and 
IL-2. As shown in Table I, addition of anti-IFNy antibodies and IL-2 
to the system enhanced the formation of IgM, IgGl, and IgGza but did 
not give the formation of IgE. However, the addition of IL-4 to the TH1 
system resulted in the formation of IgE. These results indicate that TH2 
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 TH2 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 a l . ,  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 in Vitro systems 
for the production of IgE. It has been shown that the presentation of 
conalbumin to the conalbumin-specific TH2 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 IgGl 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 TH1 and TH2 phenotypes do 
not apply for human T cells. However, they demonstrated that the ability 
of the helper T cell clones to induce in vitro IgE synthesis in human 
B cells correlated with their ability to release IL-4 and inversely related 
to their ability to release IFNy. Ohehir et al. (1988) established helper 
T cell clones specific for Demtophagoides  fanitae 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. 

111. Irotype-Specific Regulation by IgE-Binding Factors (IgE-BFr) 

A. BIOLOGICAL 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 
Uarrett 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 FccR+ 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 in vitro 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, 
L u n g  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 BDFl 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 u l . ,  1984). 
The same principle will apply for human lymphocyte systems. IgE-PFs 
from an FceR+ human T cell clone (Young et ul.,  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 d e  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 (Lung  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 

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 

ACTIVITIES OF IgE-BFs 
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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., 1981a). 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 BDFl 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-TsF) 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 a l . ,  1981). 

Strain differences in the IgE response also have correlation with 
biological activities of IgE-BFs formed. In contrast to BDFl 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, BDFl 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 
( h u n g  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 F1 
(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, 166Gll 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 
uardieu et al., 198513). 

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 Vitro 
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 ll-kDa IgE-PFs must be a cleavage product of the 60-kDa 
peptide. The ll-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 (CHO1). The muta- 
tion changed the asparagine residue of the Asn-Trp-Ser sequence at 
CHOl site to a glutamine residue. However, transfection of COS 7 cells 
with the mutant resulted in the formation of both the 60- and ll-kDa 
IgE-PFs, which had affinity for lentil lectin, indicating that the ll-kDa 
IgE-PFs contain the amino-terminal distal glycosylation (CH02) site. 
These investigators found that antigenic determinant, recognized by the 
monoclonal antibody OX-3, is oligosaccharide attached to the CHOl 

pcD 8.3 
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FIG. 1. Restriction map of pcD clone 8.3 encoding rodent IgE-BE 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 CHOl site. Failure of the ll-kDa IgE-PFs to bind 
to the antibody indicates that the factors do not contain the CHOl site 
(Martens et al., 1987). However, the ll-kDa factors bound to antibodies 
against a synthetic peptide corresponding to a segment between the two 
CHO sites, indicating that the ll-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 ll-kd IgE-BFs are derived. Furthermore, rabbit 
antiserum 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 a l . ,  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 ll-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 pg/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., 198313; 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 Az, 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 11-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 CHOl site but contains an N-linked oligosaccharide attached to 
the CH02 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 CHOz 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 FceRII ON B LYMPHOCYTES 

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. (198613) 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). 

AND B CELL-DERIVED IgE-BFs 
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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 a! chain of FceRI on rat basophilic leukemia cells (Kinet et 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 FccRII 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). 

FceRIIs 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 a l . ,  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 FccRIIs 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 FccRIIs 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 FccRIIs 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 FccRIIs, 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 RNA splicing. FccRIIa 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 

The biological role of FccRII 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. Ptne 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 

by IL-4. 
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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 GI 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-l+ 
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 IFNP induced normal lymphocytes for the for- 
mation of IgE-BFs (Uede et d., 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 (H1V)-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-l-infected patients FceRIIs were demon- 
strated on both CD4+ and CD8+ T cells. It was also found that PBMCs 
of some HIV-l-infected patients release soluble factor(s) which induces 
normal T cells to form IgE-BFs. This cytokine does not appear to be 
IFNy, because neither IFNy (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 IFNy induces normal mouse spleen cells to form 
IgE-BFs, whereas recombinant human IFNy failed to induce peripheral 
blood human T cells to form IgE-BFs. It is quite possible that activation 
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of T cells is required for them to respond to IFNy for the production 
of the factors. 

It was shown that IL-4 induced biosynthesis of FccRIIs in B cells and 
enhanced the expression of the receptors on their surface (Conrad et al.,  
1987; Defrance et a l . ,  1987). In the rodent systems incubation of B cells 
with 3-5 U/ml of IL-4 increased the density of FccRIIs 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 a l . ,  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-p chain 
antibodies (Defrance et al., 1987), and enhanced the release of the 25-kDa 
fragments of FccRII 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 FccRII was prevented by IFNy in both human and rodent systems 
(Conrad et a l . ,  1987; Defrance et a l . ,  1987). 

2.  Lymph okines Controlling the Biological Activities 
Of IgE-PFS OT IgE-SFS 

When BDFl 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-l+ T cells. When animals are 
treated with pertussis vaccine for the selective formation of IgE-PFs, per- 
tussis toxin stimulates Lyt-l+ T cells to form GEF (Hirashima et a l . ,  
1981b; Iwata et a l . ,  1983a). Immunization of Lewis rats or BDFl 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 (6. Fig. 2). Recent experi- 
ments showed that IL-4 induces normal T cells for the formation of GEE 
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. 



24 KIMISHIGE ISHIZAKA 

Inducer" 
or - 

6 Lyt-lt 

\ GEF 

FcR/ 1gE-Fbm;oting 

n 

W=. 
4 FcR IgE-Suppressive 

I Factor 
I 

I ' G I F  

Lyt-2+ 0 
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 a ,  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-l+ helper T cells but also Lyt-2+ T cells 
are primed. Thus, antigenic stimulation of spleen cells results in the 
formation of IFNy from TH1 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-F I-J' 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., 198313). 
The lymphokine did not exert phospholipase-inhibitory activity by itself, 
but inhibited phospholipase A2 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 pg/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 Uardieu et al., 1986). An 
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interesting observation was that GIF from mouse lymphocytes possessed 
I-J determinant@); GIF from H-2b strains bound anti-I-Jb alloantibodies 
and a monoclonal anti 1-Jb, while GIF from H-2k strains bound to anti- 
I-Jk 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 A2, 
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 . ,  198313). 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 I1 molecules. GEF from 
H-2k mice bound to anti-Iak alloantibodies, while GEF from H-2b mice 
bound to anti-Iab 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., 198413). Under 
physiological conditions, the balance between GEF and GIF appears to 
determine the nature of the IgE-BFs formed. Table I1 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 I1 

OF IgE-BFs, AND MODULATORS OF GLYCOSYLATION 
CORRELATION AMONG THE IgE RESPONSE, NATURE 

Experimental Modulators of 
procedures IgE response IgE-BFs glycosylation 

Nb infection (2 weeks) Enhancement Potentiating GEF 
Bordetella pertussis Enhancement Potentiating GEF 

KLH + alum primin@ IgE antibody response Potentiating GEF 
BDFl mice primingb IgE antibody response Potentiating GEF 
T cell hybridoma 12H5 IgE antibody response Potentiating GEF 
CFA treatment Suppression Suppressive GIF 
KLH + CFA primin@ No IgE antibody Suppressive GIF 

SJL mice primingb No IgE antibody Suppressive GIF 

T cell hybridomas 23B6, - Suppressive GIF 

vaccine (BP) treatment 

response 

response 

231 F1 

aLewis strain rats were immunized with KLH. 
bBDFl or SJL mice were immunized with alum-absorbed OVA. 

producer. The Lyt-l+ T cells of BDFl mice constitutively form GEF, 
while those of SJL mice form GIF. Therefore, upon antigenic stimula- 
tion, spleen cells of antigen-primed BDFl 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 Ca2+ influx and the formation of diacylglycerol, 
which in turn activated Ca2+ -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., 198413). It appears 
that GEF induces the activation of phospholipase A2 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 A2 in the cells by the two lymphokines. 
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3. Formation of IgE-BFs by Antigen-Specijic 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 231F1, constitutively formed GIF, and pro- 
duced both IgE-SFs and IgG-suppressive factors upon incubation with 
OVA-pulsed macrophages (Jardieu et a l . ,  1985a). We have also obtained 
the mouse T cell hybridoma 12H5, which produced IgE-PFs and IgG- 
potentiating factors upon antigenic stimulation (Iwata et a l . ,  1988). As 
expected, this type of hybridoma constitutively secretes GEE 

The response of this T cell hybridoma to the antigen is MHC restricted. 
T cell hybridoma 231F1 cells respond to OVA-pulsed macrophages of 
BDFl 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 BDFl 
or H-2b strain for the production of IgE-PFs, but not to OVA-pulsed 
macrophages of H-2d or H-2k strains (Iwata et a l . ,  1988). It was also 
found that pretreatment of antigen-presenting cells with monoclonal 
anti-IAd antibody prevented antigen presentation to 231F1 cells for IgE- 
BF production. Similarly, treatment of antigen-presenting cells with anti- 
IAb, but not with anti-IAk, alloantibodies prevented antigen presenta- 
tion to the 12H5 cells for the formation of IgE-BFs (Iwata et a l . ,  1988). 
Furthermore, the antigen recognized by these hybridomas does not 
appear to be the native molecules. BDFl macrophages that were pulsed 
with urea-denatured OVA or tryptic digests of the protein stimulated 
231F1 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 231F1 cells with 
monoclonal anti-T cell receptor (a, 0) 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 0 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 FctR (and FcyR) as well. 
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When a suspension of antigen-primed spleen cells was incubated 
in mlro 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. REGULATION 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 a l . ,  
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 BDFl 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. 



30 KIMISHIGE ISHIZAKA 

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 pg 
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 BDFl 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 IFNy 

In view of an essential role of IL-4 for the development of IgE-forming 
cells and IgG1-forming cells, Finkelman et al. (1986a) determined the 
effect of a monoclonal anti-IL-4 on the IgE and IgGl production 
in mvo. 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 IgGl 
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 IgGl nor IgGza antibody response 
was affected by the treatment (Finkelman et al . ,  198813). 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 IgGl synthesis (Finkelman et a l . ,  1986a). 

Finkelman et al. (1988a) also tried to suppress the in mvo IgE syn- 
thesis by IFNy, which counteracts with IL-4. Enhanced IgE and IgGl 
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 IFNy 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 IFNy per injection reduced both IgE 
and IgGl levels to one fifth to one tenth, and the treatment with 
12,500 U of IFNy per injection diminished both IgE and IgGl levels 
to about one half. The decrease in IgE and IgGl synthesis by IFNy was 
accompanied by a slight increase in IgG2, synthesis. However, 6250 U 
of IFNy per injection did not give a significant effect on IgE and IgGl 
syntheses. The results indicate that IFNy can regulate IgE and IgGl 
synthesis in muo. 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 IFNy. 

C. SUPPRESSION OF IgE ANTIBODY RESPONSE BY GIF 

Isotype-specific enhancement and suppression of in 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 BDFl 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, BDFl 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 BDFl 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 BDFl 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 BDFl 
spleen cells bound to OVA-Sepharose and was recovered by elution at 
acid pH. Furthermore, GIF in the supernatant bound to anti-I-Jb allo- 
antibodies, whereas GIF injected into the animals bound to anti-I-Jk 
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 
uardieu 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 BDFl 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, 231F1, produced OVA- 
binding GIF and IgE-SFs when the cells were incubated with OVA-pulsed 
macrophages of H-2d 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 231F1 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 231F1 cells with either monoclonal antibody against T cell recep- 
tor a, @, 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 231F1 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 BDFl mice in a carrier (0VA)- 
specific manner (Jardieu et al., 1987). In the experiments shown in Fig. 3, 
OVA-binding GIF from the 231F1 cells were purified by affinity chroma- 
tography on OVA-coupled Sepharose or antilipocortin- Sepharose. 
Nonspecific GIF from unstimulated 231F1 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 BDFl 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 IgGl 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 TsF is association of I-J determinants with the molecules. 
Both the antigen- binding and nonspecific GIFs bound to alloantibodies 
specific for I-J 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 (0-0, A--A)  or 
nonspecific GIF (A--A). OVA-binding GIF was purified by using either OVA-Sepharose 
(.--a) or antilipocortin Sepharose (A-- A), injected intravenously into animals, as 
shown by the arrows. M, 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 231F1 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 TsFl (Okuda et al., 1981) and TsFs (Furusawa et al . ,  
1984) from CKB strain-derived Ts hybridomas (Steele et al., 1989). It 
appears that OVA-binding GIF from the 231F1 cells is similar to 
glutamic acid-alanine-tyrosine-specific TsF2 (Turck et al., 1986), KLH- 
specific TsF (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 
HYBRIDOMAS FROM ANTIGEN-PRIMED T CELL POPULATIONS 

Since the in vivo treatment of OVA-primed mice with nonspecific GIF 
facilitated the generation of suppressor T cells which produce their own 
GIE attempts were made to reproduce the effects of GIF in Vitro. The 
protocol of the experiments is shown in Fig. 4. BDFl 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 GEE 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 affdty 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 
alum-absorbed OVA (spleen cells + OVA) 

culture 

24 hours IgE-PF, 1 GEF 1 T cells + OVA-MQ 

T cells + OVA-M@ 24 hours 

Activated T cells 

FIG. 4. Protocol of experiments for the generation of suppressor T cells in  TO 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 BDFl 
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 

5 640-  
a 

$ 160- 

< 4 0 -  
a 

? 
C 

L 

t 
Q, 
.- 
c 

a 
a V 

a 
n 
z 
.- 
c 
C 
a 

6 4 0 1  160 

Days after Immunization 

FIG. 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, 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 A2 (King et al., 1976), PBMCs from allergic 
patients were cultured with bee venom phospholipase A2 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 e t  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 Az. 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 A2, but 
stimulation of the same cells with phospholipase A2-pulsed syngeneic 
monocytes resulted in the formation of GIF that had affinity for bee 
venom phospholipase Az. 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 OKTS-coated wells 
formed IgE-BFs and GIF that had affinity for bee venom phospholipase 
A2. 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 A2, and the cells were propa- 
gated by IL-2 in the presence of human lipocortin. The cells were then 
fused 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 OKTS-coated 
wells. GIF produced by the hybridoma had affinity for phospholipase 
Az-Sepharose. As we do not have an appropriate system for 
demonstrating the antibody response of human peripheral blood lym- 
phocytes to bee venom phospholipase A2, 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 TsF 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 a l . ,  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 231F1 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 TsF 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 in vivo. 
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TABLE I 
TISSUES FROM WHICH DENDRITIC CELLS HAVE BEEN ISOLATED 

Site Reference 

Peripheral lymphoid organs 
Mouse spleen 

Rat lymph node 
Mouse Peyer’s patch 
Human tonsil 

Central lymphoid organs 
Murine thymus 

Chicken thymus 
Human thymus 

Nonlymphoid organs 
Rat skin, liver 
Mouse skin 

Mouse lung 
Rat lung 
Human skin 

Afferent lymph 
Rat 

Mouse 
Rabbit 
Pig 
Sheep 
Human 

Blood, human 

Exudates 
Rat peritoneal cavity 
Human synovial fluid 

Steinman and Cohn (1973), Steinman et al. (1979), 
Nussenzweig et al. (1981) 

Klinkert e t  al. (1978, 1982) 
Spalding et al. (1983) 
Hart and McKenzie (1988) 

Kyewski et al. (1986), Inaba et al. (1988), Crowley 

Oliver and LeDourain (1984) 
Pelletier et al. (1986) 

et al. (1989) 

Klinkert et al. (1982) 
Schuler and Steinman (1985), Witmer-Pack et al. 

Sertl et al. (1986) 
Holt et al. (1987) 
Romani et al. (1989b) 

(1987) 

Mayrhofer et al. (1986), Fossum (1984), Pugh et al. 

Rhodes and Agger (1987) 
Kelly et al. (1978), Knight et al. (1982) 
Drexhage et al. (1979) 
Bujdoso et al .  (1989) 
Spry et al. (1980) 

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) 

(1983), Mason et al. (1981) 

Klinkert et al .  (1982) 
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 in 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 in vitro and in situ. Presentation of soluble proteins, 
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MHC and Mls 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 in vivo, 
and forms stable contacts with responsive T cells. 

II. 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 11). 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 IgDoor B cell in the splenic marginal zone (MacLennan et al., 
1982). The functions of these latter populations vis-2-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 I1 
TISSUE DISTRIBUTION AND MOVEMENTS OF DENDRITIC CELLS AND B LYMPHOCYTESO 

Compartment B lymphocyte Dendritic cell 

Bone marrow 
Circulation 

Pro-B - Pre-B - B 
Blood 

(t f i  weekdmonths) 
Lymphoid organs B cell areas 

Nonlymphoid organs Plasmablasts to 
Antigen 1 

eliminate antigen 

Ia - precursor 
Afferent lymph 

(t fi hours) 
T cell areas 
Antigen t 
Sentinel cells 

to present 
antigen 

aA more detailed review of the history of dendritic cells has appeared recently 
(Fossum, 1989). 



48 JOSHUA P. METLAY ET A L  

heavy-chain locus and contains cytoplasmic p. These cells can be iden- 
tified in marrow. In p transgenic mice the introduction of membrane 
p 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 X and/or 
x light-chain locus and expression of membrane IgM. The vast majority 
of cells express IgM and IgD that share the same V, 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 a l . ,  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. LIFE 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 xid deficiency. 
The latter data are more consistent with the life spans of several weeks 
that were noted using labeling with [3H]uridine and [3H]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 OCCUTS 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 a l . ,  197413; Pugh et d., 
1983; Fossum, 1989). Thus, if one administers [3H]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 [3H]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 
[3H] 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 L C s  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 [3H]thymidine labeling 
index of L C s  is about 0.3%, but this can approach 3% with applica- 
tion of a contact allergen (Gschnait and Brenner, 1979). Our preliminary 
findings are that it is not possible to label even 0.1% of the Lx=s 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. LOCALIZATION IN LYMPHOID 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. 

IDCs 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 I1 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 I1 (anti-FcyRII), 
F4/80, M1/70 or Mac-1, and B220 or c D 4 5 R ~  (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 Sloop, which is found in L C s  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 (F IX)  
anti-T cell Mab (green emission). Also, it was noted that splenic den- 
dritic cells will bind in 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 in 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, II,E and 
V1,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. DENDRITE 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 
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IgA isotype. Since plasma cells likely express little or no class I1 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 Ia+ 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 et al. (1983), who stained sections of several 
tissues with Mabs to class I1 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 V1,C. The 
maturation of L C s  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 ATPase and nonspeufic 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 I1 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 in 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 I1 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 CD1 
antigen (Mackay et al., 1988; Hopkins et al., 1989), both characteristics 
of epidermal L C s  (Sullivan et al., 1985; Breathnach, 1964). 

The flux of dendritic cells in afferent lymph can be considerable, up 
to lo5 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 105-106 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 
105-106 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 in vitro, such as the loss of nonspecific esterase staining 
and the acquisition of IL-2 receptors (see Section 11,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. FIX-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 11,B). These contrasting life histories in situ 
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 HYPERSENSITIVITY (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 in 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 L C s  in the DTH site may not be derived from the 
epidermis, but from circulating or dermal progenitors (see Section 11,E). 

111. 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 L C s  upon culture with GM-CSF. The 
activation of B cells has been studied primarily in 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 in situ (see Sections IV and VI). 

A. MHC PRODUCTS 

Class I1 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 L C s  
have high levels of class I1 MHC [I-A and I-E in mice; human leukocyte 
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FIG 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 Jlld 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 a l . ,  1980), and tonsil (Hart and 
McKenzie, 1988) have emphasized the strong immunolabeling with anti- 
class I1 MHC antibodies. The invariant chain, which associates with class 
I1 MHC products, also has been detected in epidermal LCs (Claesson- 
Welsh et a l . ,  1986; Quaranta et al., 1984). 

When LCs are cultured, the levels of I-A and I-E increase at least 
fivefold (Witmer-Pack et a l . ,  1988). The increase in class I1 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 I1 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-y) are inactive (Steinman et a l . ,  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 I1 MHC 
products, but the levels on B cells appear to be one fifth of the level on 
dendritic cells, at most (Nussenzweig et a l . ,  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 a l . ,  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. Purk, unpublished observations). 

Expression of class I1 MHC is essential for antigen presentation to 
CD4+ cells, but there is no direct correlation of class I1 MHC levels and 
overall stimulatory function. For example, B cells that are induced with 
IL-4 to express more Ia 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 a l . ,  1989), but with culture, class I, like 
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class 11, 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 I1 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 I1 MHC products constitutively. However, the 
stimuli and factors which up-regulate MHC gene expression seem to differ 
for each cell type. 

B. THE 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 in vitro (Crowley et al., 1989). One of the CD45R epitopes, initially 
termed B220 (Coffman and Weissman, 1981; Dalchau and Fabre, 198l), 
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 m'tro (Metlay et al., 1989). 

More recently, another CD45R epitope has been identified in several 
species. Its expression is B exon dependent Uohnson et al., 1989; 
Birkeland et al., 1989). Some of the first CD45RB Mabs are termed 
OX22 in rats (Spickett et al., 1983) and MB23G2/MB15Cll 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 
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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 0 chain, CD18. The CD18 0 chain is called Pz to distinguish 
it from other 0 chains which define other families of integrins, which 
include the fibronectin receptor and platelet gpIIb/IIIa. Three different 
a chains have been described for CD18: a 190-kDa CDlla or LFA-1, a 
180-kDa CDllb (C3bi or CR3 receptor; MAC-l), and a 150-kDa CDllc 
of uncertain function (Sanchez-Madrid et al., 1983a,b). CDllc has yet 
to be detected on B cells or dendritic cells, but it is found on macrophages 
and granulocytes (McMichael, 1987). CDllb 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. Pure, unpublished observations). 

One of the ligands for CDlla 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 p and 6 heavy 
chains (Steinman and Cohn, 1974; Nussenzweig et al., 1981). Also, den- 
dritic cells do not react with anti-CD3 or TCRap 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 L C s  
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., 1989~). 
This being the case, it has been proposed that in 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 (Pur6 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 @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; Sting1 et al., 1977; 
Haines et al., 1983). These FcRs decrease >90% in expression when 
the U s  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 IL-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 L C s  (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 Sta~hylococcus aurew (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 



64 JOSHUA P. METLAY ET AL.  

on B cells. Receptors for IL-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 in 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 in wi'tro, 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 in wivo 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 MoHC molecule, the structqre 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 I1 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’)z 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 c, 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 Kd of 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 anti-TT 
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 I1 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 lo6 input of B cells after 30 minutes at 
37OC). 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 G10-nonadherent spleen cells depleted of 
Thy-l+ 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 137Cs) 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 in vitro 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 I1 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 . ,  1989~). 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., 1989~). 
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Intriguingly, freshly isolated L C s  presented native myoglobin to the 
T cell clones (Romani et al. ,  1989~). Six thousand to twenty thousand 
LCs were equal or more active than 500,000 spleen cells. These freshly 
isolated L C s  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-p antisera. The mice lack mature 
peripheral B cells as well as serum Ig. Anti-p-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-p-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-p-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 (FIX)-specific B cells were 
enriched from primed, parental strain mice by panning on plates coated 
with FIX-modified gelatin. Parental strain (H-2d or H-2a) B cells were 
then injected into F1 anti-p-suppressed recipients, which were also 
immunized with hapten-carrier conjugates. These investigators could 
then ask whether sensitized Fl 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 in 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-p-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-p-suppressed mice is unclear. In other tests of 
APC function in 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-p 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-p. However, anti-p 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. ALLOCENEIC MHC PRODUCTS 

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 in situ (graft rejection). The antigens 



74 JOSHUA I? METLAY ET AL.  

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 I1 MHC products (Fathman et al., 1974) and that B cells were 
the principal cell type expressing class I1 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 I1 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-l- 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 
lS7Cs), the T blasts proliferate and release IL-2. If the T blasts are 
irradiate& the B cells proliferate and at least some begin to secrete antibody, 
Since restimulation of CD4+ blasts is class I1 MHC restricted, the obser- 
vations indicate that small B cells express some alloantigen, but they are 
ordy 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 (Pur6 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 L C s  have as much cell surface class I1 MHC as spleen 
dendritic cells, but these L C s  are only 3-10% as active as primary MLR 
stimulators (Schuler and Steinman, 1985; Witmer-Pack et al . ,  1987). 
In contrast, fresh L C s  are powerful stimulators of sensitized T blasts 
(Inaba et al.,  1986). Once the L C s  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 L C s  become capable of binding the T cells by an antigen-independent 
mechanism. This binding (see Section V1,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 Fl 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 in 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 I1 determinants in 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  TO. 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, Mlsa mice express only one stimulatory locus for T cells, 
MlsC mice express the other, Mlsd mice express both, and Mlsb mice 
express neither (Abe and Hodes, 1988). Unlike the MHC, stimulation 
in the Mls is largely unidirectional, i.e., Mls+ strains such as a, c, 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 Vp E R  genes. This implies presentation of Mls antigens to 
typical TCRs. When T cell hybridomas or clones express either Vp 8.1 
(Kappler et al., 1988) or Vb 6 (MacDonald et al., 1988), the T cells 
preferentially respond to Mlsa stimulators. These T cells, in some cases, 
are highly MHC restricted and have classical reactivities to antigen plus 
MHC, but the presence of Mls obviates the need for specific antigen. 
Similarly, Vb 3-expressing T cells are enriched for MlsC 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 et 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 I1 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 MIS 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-p-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 vitro 
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 Mls-stimulatory ability of fresh isolates of B cells 
might be attributed to contaminating in Vivo activated B cells. 

Some investigators have interpreted these results as suggesting that 
Mls 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 Mls+- 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 I1 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 m'tro (Metlay et al., 1989). 

3.  Studies in Situ 

Unlike allogeneic MHC antigens, Mls antigens fail to stimulate graft 
rejection in vivo. 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., 1973). 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), F1 backcross mice were typed at the Mls by in vilro 
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 in vivo correlate to the powerful in v i h  stimulatory capacity 
of Mls-incompatible B cells suggests that there are additional limita- 
tions on B cell APC function in vivo. 

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-modfied 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 bm12 mice by injecting antigen on dendritic cells. The bm12 muta- 
tion in the class I1 I-Ab gene reduces presentation of the H-Y male 
transplantation antigen to CD4+ helper T cells. Female bm12 mice 
could be primed with male bm12 dendritic cells such that they could 
reject grafts of male skin in situ and form CTLs to male targets upon 
restimulation in vitro. The killer cells were CD8+ but required help 
from CD4+ cells. As few as lo4 dendritic cells could prime the animal, 
while lo7 LPS-induced B blasts or unfractionated spleen cells were 
inactive. 

In a subsequent series of studies, Boog et al. (198813) obtained evidence 
that dendritic cells also could overcome the defect that bm14 mice exhibit 
in presenting H-Y antigens on class I MHC (Db) to CD8+ CTLs. Den- 
dritic cells (2 X lo5) or normal spleen cells (lo7) could prime mice in situ 
to H-Y, but only dendritic cells could boost the primed cells in vitro. 
However, the defect in another Db mutant, bm13, 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 

JSast et al. (1988) were able to induce CTL responses in wild-type 
H-2b mice to Sendai and Moloney leukemia viruses, using small 
numbers of dendritic cells as APCs in vitro. In the case of the bm14 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 I MHC molecules to present Sendai virus. 
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It was concluded that some antigen presentation of Moloney leukemia 
virus was occurring in bm14 and that the amount of these Moloney 
leukemia virus-bm14 complexes was either greater or more effective using 
dendritic cells as APCs. In contrast, too few Sendai virus-bm13 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 F1 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 F1 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 I1 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)F1 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 TH 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)Fl 
helper T cells were positively selected by priming on parental strain APCs 
in vivo or on accessory cells in uitro. 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 I1 MHC genes. They found that both B cells and APCs 
had to be from high-responder mice in order to elicit help from F1 
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 I1 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 DENDRITE CELLS IN HELPER T CELL PRIMING 

The development of in 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-TH 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. HELPER 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+ helper T cell clones can also be subsetted based on 
the lymphokines they produce; T H ~  clones make IL-2 and IFN-y, while 
TH2 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 T H ~  clones (Birkeland et al., 1988). 

These functional subsets arise as the result of antigen-induced 
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differentiation of CD4+ cells in vi'tro (Morimoto et al., 1985; Rudd 
et al., 1987; Clement et al., 1988) and in situ. The latter data from Powrie 
and Mason (1989) show that 0x22- 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 T H ~  
phenotype are part of the memory response. They have categorized 
murine CD4+ cells using two monoclonal anti-T cell autoantibodies, 
SM3Gll and SM6C10. The 3Gll-, 6C10+ and 3Gll+, 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 (3Gll+, SClO-) 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 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 3Gll+ T cells required a non-B accessory cell that has 
yet to be defined. Many of the CD4+ cells expressed both 3Gll and 6C10 
determinants and were not distinguishable with regard to lymphokine 
secretion, accessory cell requirement, or memory T cell activity. The 
3Gll-, 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 in vi'tro 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 in  sit^ 

The nature of the APCs required in 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 in Vitro. 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-p- 
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-p-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 in vivo in chickens. They depleted 
B cells from neonatal chickens with cyclophosphamide and reconstituted 
with bursa1 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 I1 
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 in 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 I1 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 mvo to expand responses that are initiated 
by other APCs. 

E. MEMORY 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 in situ, to find and 
bind antigen-specific T cells in m'tro 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 
inflammatory 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 I1 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 (Bum 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 I1 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 I1 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 I1 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 I1 MHC 
molecules are being synthesized (see Section 111,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 I1 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 a l . ,  
1974a), and only at trace levels in some dendritic cells (Steinman and 
Cohn, 1974; Steinman et a l . ,  1974b) and B lymphoblasts 0. 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 in situ prior to isolation or by contaminating LPS in vitro. 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 VI1,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 L C s  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 a l . ,  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 L C s  present protein 
antigens well (Romani et al., 1989~). Activated or cultured epidermal 
L C s  do not show detectable endocytosis (Schuler and Steinman, 1985) 
and do not present native myoglobin (Romani et al., 1989~). 
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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., 1989~). 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 I1 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 a l . ,  1989; Hirayama et a l . ,  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-CDS responses (Smith et al.,  1986). 
It was estimated that only 250 ligands on the L C s  (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 in 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 in 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 in situ. The 



94 JOSHUA P. METLAY ET AL.  

contact sensitivity model has been explored to try to establish that the 
allergen might be delivered by epidermal Lx=s 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 in 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 in 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 a l . ,  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 in uitro (Inaba et a l . ,  1984; Flechner et a l . ,  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 Vitro 
immune response and does so in a way that is comparable to that which 
occurs in 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 a l . ,  1975; Rowley et a l . ,  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 a l . ,  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 pm 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 a l . ,  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 37OC, 
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 37OC 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 a l . ,  1989a). If one 
sediments L C s  and T cells and incubates them at 37OC 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 L C s  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 L C s  
are capable of processing antigen, which is the first day of culture 
(Romani et al., 1989~). 

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, 198713; 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-l/ICAM. The onset of this clustering 
sequence in turn may be preceded in situ by distinct steps involving antigen 
acquisition/presentation, migration to the T cell area, and motilityhell 
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-7 (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 a l . ,  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-l-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 in 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 a l . ,  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 lo6 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. INDUCITON OF 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 TH2 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 pm 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 f o r  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 IL-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 
(PurC 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-CDS, or if one applies anti-CDS 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-CDSY 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 I1 MHC products are regulated, movements 
in situ, and mechanisms for binding T cells. 

VII. Conclusion-Consequencer 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 CDS+ 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 in 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 11,E). 
(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 I1 MHC products to levels that are the 
highest seen on any cell type (see Section 111,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 p M ,  
if current in 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 11). There is evidence that dendritic cells 
can carry antigen to the lymphoid organ (see Section V1,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 V1,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 L C s  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 U s ,  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 in 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 I1 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 

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 in 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. 

AT THE LEVEL OF APC FUNCTION 
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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 a l . ,  1982; 
Hayakawa et al., 1983; Caligaris-Cappio et al., 1982). 

II. 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 [53-7.3 
(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 CD21, 
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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FIG. 1. Immunofluorescence of PBLs from a normal adult stained with biotin- 
labeled anti-IgM and either FIE-labeled anti-CD5 [Leu-1] (left) or an FIE-labeled 
control antibody of the same murine Ig isotype [I&=] (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 CDllb [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). 

CD5 B cells apparently are more resilient to in vitro cell culture than 
are CD5- B cells. Murine B cells survive for a few days in 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 in Vitro 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). 

111. 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 SO-SO% of 
the harvested peritoneal cells of most inbred strains of mice, T cells con- 
stitute lo%,  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-2.21 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 CDllb [MAC-11, sIgM [14-81, Ia 
[M5/114.15.2], CD45R [RA3-3A1/6.11t 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. CDS 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, 
CD19 [B4 or Leu-12 (Nadler et al., 1983; Meeker et al., 1984)], CD20 
[Bl (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 l0-30% 
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 lo6 in 6- to 8-week-old mice to greater than 3 X lo7 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)F1 
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(B/W) mice, but at an accelerated rate (Raveche et al., 1981; Stall et al . ,  
1988; Seldin et a l . ,  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 [GK1.5] 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. 

VI. CD5 B Cell Malignancies 

Several murine B cell lymphomas that have developed in aging mice 
have been noted to coexpress CD5. The BCLl 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-2aH-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 in 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 a l . ,  1980; Royston et a l . ,  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 111) 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-11, 26 (84%) were positive for CD14 [MY4], 22 (71%) 
were reactive with a Mab specific for the monocyte Fc receptor [MFC-I], 
22 (71%) were positive for CDllb [OKMl], and eight (26%) expressed 
CD15 [Leu-Ml] (Morabito et al. ,  1987). In addition, many of the cases 
with leukemic cells reactive with anti-CD14 [MY41 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; A1 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. 

VII. 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-11. 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)l and CD23 [Blast-:! (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 CD5 
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 e t  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), Stafihylococcus 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 et 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 a!. , 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 G2-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 in vivo normally are found in the S 
and G2 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 Go 
or GI stage of the cell cycle and thus most likely are not activated B 
lymphocytes. 

VIII. CDS 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 X 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 IgHb allotype were found to propagate in neonatal 
BALB/c mice expressing the IgHa 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 [53-7.31 
but not CD8 [53-6.71. In fact, CD5 B cells expressing the IgHb 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 IgHb allotype, 
suggesting that CD5 B cells may be a major source of serum IgM 
antibody. Recipient animals produced antigen-specific IgM antibodies 
of the IgHb 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. 

IX. 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 I1 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-121. 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 [RFT8] 
and anti-CD6 [RFTlZ] Mabs (Drexler et al . ,  1987). Although only five 
of these patients had GVHD, the percentage of circulating lymphocytes 
that reacted with anti-CD5 [RFTl] 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 IgG2, anti-CD5 Mab used [Leu-11. 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 25-700/, 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 in vitro. However, most, if not all, 
of the splenic B cells that produced antibodies in 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 (mev)  or motheaten ( m e )  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 a l . ,  1984; McCoy et a l . ,  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 a l . ,  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 ( m e / m e )  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 xid, 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 C3H/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 xid gene(s), (me/me) animals carrying the xid gene(s) had markedly 
reduced levels of circulating IgM autoantibodies to ssDNA, self-T 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 ant i -FIX AFCs by 2:l  or 3:l. 
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 mev 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 mev gene(s) (two of 144) (Mills et a l . ,  1985). 

C57BL/6 mev autoantibody-producing hybridomas were found to 
utilize a variety of different VH genes and a restricted set of V, genes 
(Painter et al., 1988). The VH 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 VH genes 
apparently belonged to the VH J606 gene family, one to VH X24, four 
belonged to v ~ J 5 5 8  subgroup, three were from V, S107, two were from 
VH 7183, and three utilized a VH gene cross-hybridizing with VH X24 
and VH 7183 gene family probes. In contrast, autoantibody-producing 
hybridomas generated from LPS-stimulated splenocytes of BALB/c mice 
utilized primarily VH genes belonging to VH 7183, VH QPC52, and V, 
7183 (Monestier et al., 1986), VH 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 mev-derived 
hybridomas. Of the V, genes expressed by sixteen different hybridomas, 
four were of the V,l 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 et 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 meu mice apparently are encoded by a random 
assortment of VH 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 meu 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 
meu B cells is indicated by the fact that no X light chain-producing 
hybridomas were generated, even though almost one third of the total 
meu-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-2aH-4b 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 [53-7.31. 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 anti-TT 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 RE In contrast, CD5- B cells isolated 
from the same individuals failed to produce RF, even after in 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 RE 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 
(30%) 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. HELPER 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 [53-76.61 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 non-T 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 VH gene 
locus. 

Functional studies of murine CD5 B cells were extended using an in Vitro 
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 IgHb-linked idiotypic determinants, designated NPb, was 
reduced significantly if T cell-depleted splenocytes also were depleted 
of CD5-bearing lymphocytes. Generation of NPb 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 BH cells. Priming the BH 
cell donor mice with antigen was not required. However, the donor mice 
had to be syngeneic with C57BL/6 mice at both the IgvH region and 
the I-A locus of the major histocompatibility complex (MHC) in order 
to provide effective BH cells (Sherr and Dorf, 1984, 1985). 

The restriction of BH cells for interacting only with cells that share 
identity at the VH gene locus may be related to the specificity of the 
response measured, i.e., generation of antibodies bearing NPb idiotype 
in response to the hapten NP. Antibodies bearing NPb idiotype in 
C57BL/6 mice are X light chain-bearing molecules with variable regions 
apparently encoded by  a single pair of VL and VH 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 NPb 
idiotope(s) demonstrated that the expression of NPb 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 BH 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 [53-76.61 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 BH cells 
(Sherr et al., 1987b). 

The BH cells active in this system apparently express sIgM/sIgD with 
X but not x light chains. Pretreatment of the cell population contain- 
ing BH activity with complement and antibodies specific for IgM [78/25 
(Stall and Loken, 1984)], IgD [AFG/222.5 (Stall and Loken, 1984)] or 
X light chain uC5.11, but not x light chain [187.1 (Yelton et al., 198l)l 
depleted the population of detectable BH activity (Sherr and Ju, 1986). 
Furthermore, nylon- adherent Thy-1.2 - cell populations could be 
enriched for BH activity by selecting for cells adhering to anti-)\ light 
chain-coated petri dishes. This finding suggested that the BH cells 
express a repertoire of Ig molecules distinct from that of conventional 
B lymphocytes for which expression of immunoglobulin with x light 
chains is predominant. 

For unexplained reasons, augmentation of the NPb idiotypic antibody 
response was abrogated by pretreatment of the BH cell population with 
complement and antibodies specific for CD4 [GK1.5 (Dialynas et al., 
1983), 2B6 (Logdberg et al., 1985; Wassmer et al., 1985)l or CDlla 
[LFA-1, M17/5.1.4 (Sanchez-Madrid et al., 1982; Davignon et al., 198l)l 
but not CDllb [MAC-11, indicating that lymphocyte function-associated 
antigens also may play a role in BH 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 BH cells may produce antiidiotypic 
antibodies capable of binding anti-NP antibodies bearing NPb 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 BH cells by fusion with 
750-6, a C3H-derived B lymphoblastoid cell line (Sherr et al., 1987a). 
Hybridomas were selected that produced IgAX antiidiotypic antibodies 
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specific for NPb idiotypic determinants. Media conditioned by such 
hybridomas could substitute for BH cells in the cultures of hapten- 
primed CD5 B cell-depleted lymphocytes to achieve comparable levels 
of NPb idiotype expression in response to NP-Ficoll. Such conditioned 
media evidently contained two discrete factors that were required for 
stimulation of NPb idiotypic antibody production in these cultures. One 
factor was anti-NPb 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 BCL1, 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 in 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 (Bich-Thuy 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-11, in addition to CD19 [Leu-121, low-density 
CD20 [Leu-16], CD21 [B2, HB-5 (Tedder et al., 1984)], CD22 [Leu-14], 
and HLA-DR and -DQ [Leu-lo] (MacKenzie et al., 1987). These cells, 
however, did not express T cell-associated antigens CD8 [Leu-2], CD4 
[Leu-31, CD3 [Leu-4], or CD2 [Leu-51; NK cell-associated antigens CD16 
[Leu-111 or Leu-7; monocyte-associated antigen CD15 [Leu-Ml]; or the 
early B progenitor antigen CDlO 05, 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 x or X 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- 
hernia had leukemic CD5 B cells that suppressed PWM-induced Ig 
synthesis of normal PBLs by over 80% (Paglieroni et a l . ,  1988). Like 
most CLL cells, these leukemic cells coexpressed CD5 [Leu-1] , CD19 
[Leu-l2], CD20 [Bl], and HLA-DR, but not CDlO US], CD21 [B2], CD22 
[Leu-141, 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. MONOCYTOID FEATURES 

B cells and monocyte/macrophages may share a curious developmental 
relationship. Certain myeloid cell lines produce immunoglobulin p chain 
constant-region gene transcripts, suggesting that they originated from 
precursor cells of the B lineage (Kemp et 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 & al., 
1985). Although these examples may represent the lineage infidelity of 
neoplastic cells (Smith et a l . ,  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-O17] 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 [2.462 (Unkeless, 1979)]. They 
also produce terminal deoxynucleotidyl transferase and have either 
nonrearranged Ig heavy-chain genes or DJH 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-I, M1/70 (Springer et al., 1978, 1979)], Ia [lo-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 a long ei ther  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 CDllb, 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 P388D1, 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 
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CD5 B cells, in contrast to other B cells, may express low levels of myelo- 
monocytic surface antigens, such as CDllb, CD14, 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 vitro, 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. 

XI. 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 IgGza anti-mouse CD5 Mab [a Ly-1 (Hollander 
et al., 1981; Hollander, 1982)l. 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 [53-7.31 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 
IgGl [OKTl] or F(ab’)z 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- 
CD5 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 non-T 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)l. 

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-CD3 Mab, anti-CD5 Mab stimulated increases in 
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cytoplasmic free calcium levels in CDF 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 a l . ,  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 . ,  198813). 

Isolation of the cDNA encoding human (Jones et al., 1986) or mouse 
(Huang et a l . ,  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-la (Auron 
et al., 1984) and IL-16 (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-la 
and IL-16 molecules apparently bind to a single 70- to 80-kDa receptor 
glycoprotein (Rhyne et al . ,  1988) with Kds of 6.6 X lo-” M and 
4 X 10 -12 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 CD5, 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-l-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 a l . ,  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 CD5 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 
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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-51, the receptor for C3d (Weis et al., 1984; Fingeroth et al., 
1984; Iida et al., 1983). However, such treatment with anti-CD5 did not 
comodulate CD19 [B4], CD20 [Bl], 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 CD21 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. 

XII. 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)F1 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 10-35% of peritoneal cells from BALB/c 
and related strains are CD5 B cells. CD5 B cells represent only 5-200/, of 
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the peritoneal cells from CBA, NFS, CSW, C57BL/10, A.TH, A.TL, 
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 ( m e h e )  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. 

XIII. CDS 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 a l . ,  
1987; Lydyard et al.,  1987; Taniguchi et al . ,  1987; Hardy and Hayakawa, 
1986; Dauphinee et a l . ,  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 et 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 a l . ,  1987). Although both groups had 
comparable absolute numbers of circulating B cells, these comprising 
16% ( f 5% SD) and 14% (f 5% SD) of the circulating lymphocytes, 
respectively, the proportions of B cells found to express CD5 tended 
to be higher in RA patients (20 Ifr 9%) than in normal controls 

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 Sjogren’s syndrome (lo SS) 
(Dauphinee et a l . ,  1988; Hardy et a l . ,  1987) and progressive systemic 
sclerosis (Hardy et a l . ,  1987). In a study of 19 patients with lo SS, the 
mean percentage of B cells with detectable surface expression of CD5 
was 46% in lo 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 lo SS generally are stable over time (Kipps and 
Vaughan, 1987; Taniguchi et  al . ,  1987; Dauphinee et a l . ,  1988). The 
few exceptions were patients treated with high-dose corticosteroids or 
combined immunosuppressive chemotherapy and irradiation (Taniguchi 
et a l . ,  1987; Dauphinee et a l . ,  1988). Two patients with lo SS whose 
levels of CD5 B cells dropped significantly subsequent to such therapy 
also had clinical remissions in their autoimmune pathology (Dauphinee 
et a l . ,  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 10l2) of RF (Taniguchi et a l . ,  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 

(14 f 6%).  
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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-2aH-4b 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 sIg 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 lymphomqs formed rosettes with 
brmRBCs. Several such lymphomas expressed sIg 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 
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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 VH specific, in that they were 
present on both X- 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 V, and seven dif- 
ferent VL genes (Pennell et al . ,  1988). Lymphomas within each of the 
five groups expressed identical VH genes. 

The VH genes expressed by several of the CH lymphomas could not 
be assigned strictly to any of the ten previously defined murine VH 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 VH gene expressed by each of three 
CH lymphomas had closest similarity with members of the X24 or 7183 
VH gene families, but at only 72 or 75% homology, respectively (Yan- 
copoulos et al., 1984; Hartman and Rudikoff, 1984). Remarkably, this 
expressed VH gene is identical to the VH genes expressed by three 
clonally unrelated anti-brmRBC antibody-producing hybridomas 
generated from autoimmune NZB mice (Reininger et al., 1987). As such, 
this VH gene most likely is conserved between NZB and B10.H-2aH-4b 
p/Wts mice and expressed without somatic diversification. Because it 
lacks better than 80% homology with any of the previously described 
VH genes, this VH gene may define a new VH 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 VH genes that also apparently 
were derived from an as yet undefined VH gene family, sharing only 
seventy-five percent similarity with members of the 36-60 VH gene 
family (Near et a l . ,  1984; Dzierzak et al., 1986). Two sets of two other 
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lymphomas each expressed identical VH genes belonging to the 5558 and 
S107 VH 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 CDS 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 
with x 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 a x  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 sIg 
molecules. CRI- but sIg+ 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, thex variable-region genes from unrelated CLL patients 
with 17.109-reactive lymphocytes were isolated (Kipps et al . ,  1988b). 
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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, I11 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 VH gene of the VHl 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 VH 
gene(s) of the V H l  subgroup, a relatively short D segment, and theJH4 
gene segment. Nucleic acid sequence analyses confirmed that G6-reactive 
leukemic cells express V, genes belonging to the VHl subgroup. Impor- 
tantly, the VH 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 V, genes, however, G6-reactive leukemic cells may express 
markedly different D segments and utilize J H ~  or J H ~  gene segments. 
Comparisons of the deduced amino acid sequences of G6-reactive CLL 
and that of G6- antibody heavy chains encoded by VHl genes suggests 
that the G6 CRI in CLL is relatively resilient to substitutions within CDRS 
but is affected by permutations within CDRl and CDR2. Together, these 
data argue that the G6 CRI in CLL also is a serological marker for a 
conserved VHl 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 sIg 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 x 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 
Humku325 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 x 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 a l . ,  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 et 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-J 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 a l . ,  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 a l . ,  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, 111 subgroup (Chen et al . ,  1987a,b). 
However, only one of these, Humkv325, 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, V,l gene(s) encoding the G6 CRI apparently also is 
present in single copy in the human haploid genome. Expression of this 
particular VHl gene(s) in greater than 10% of the malignant CD5 B 
cell populations examined would not be expected if the utilization of 
VH 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 Humkv325 V, gene encoding the 17.109 CRI is rearranged 
abortively in many CLLs that express X light chains (Kipps et al., 1988~). 
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 
J, locus and Humkv325 (Pohlenz et d., 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 vH5 gene, 
designated V~251 (Humphries et d., 1988). Although not the most 
proximal VH gene to the D and J regions, this gene was found to be 
rearranged with the D-J segment in the leukemic cells from greater than 
20% of the 30 patients studied (Humphries et aZ., 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 e t  a l . ,  1989~) .  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 40% 
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 VHl 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 d . ,  1987a,b; Mageed et d . ,  1986). Furthermore, 
when both CRIs are coexpressed on the same IgM molecule, the antibody 
invariably has been found to have RF activity (Silverman et a l . ,  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 V,l gene utilized by G6-reactive CLL 
is homologous to Z p I ,  a VHl gene expressed during early human B cell 
ontogeny. This is noteworthy in that the set of VH genes expressed during 
early fetal development is highly restricted (Schroeder et. al . ,  1987). Of 
the VH genes isolated from the fetal liver library, one VH gene accounted 
for the expression of over 20% (three of 14) of the heavy-chain sequences, 
while three others each accounted for 14% (two of 14) of the expressed 
variable-region genes. Through statistical analyses of these data, the total 
size of the fetal VH repertoire has been inferred to consist of only nine 
to 39 disparate-antibody VH genes. Early restriction in human fetal 



FIG. 2. Immunohistochemical staining of tonsillar cells reactive with 17.109 was performed as described elsewhere 
(Kipps ef 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 V, gene expressed by G6-reactive 
CLL and a V, 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. CDS 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. ,  198613; 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 mvo (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 I1 antigens. 
Interestingly, this response also could be diminished by a monoclonal 
antiidiutypic 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, 1986c). 

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) 
idiotope(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. 

XVII. 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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I. Introduction 

In 1960 Govaerts (1) observed that thoracic duct lymphocytes of dogs 
carrying a kidney transplant were cytotoxic in vitro 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 I1 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 in 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 (3) 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., a, 6, 7 ,  
or 6) but do express CD16 and NKH-1 (Leu-19) cell surface markers in 
humans and NK-l.l/NK-2.1 in mice and mediate cytolytic reactions even 
in the absence of MHC class I or class I1 expression on the target cells (26). 

Certain T lymphocytes that are either a$+ 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 (CD16), 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. 

II. 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 (ll), a cell line 
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derived from a patient with chronic myeloid leukemia in blastic crisis 
(37). These cells lack MHC class I and class I1 antigens and can be 
induced to differentiate in 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 51Cr-release cytotox- 
icity assay, in which NK cell-containing cell preparations are mixed with 
a constant number of 51Cr (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 37OC, by measuring the amount 
of 51Cr released into the supernatant fluid (45). In many studies NK 
cytotoxicity is expressed as the percentage of 51Cr 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 
51Cr release at different E : T ratios. Comparing the percentages of 51Cr 
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 SO%, but often 20 or 30% 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 51Cr 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 51Cr-release assay (4-hour 
incubation) using a constant number (lo4) of 51Cr-labeled K562 target cells and a 
variable number of human PBLs as effector cells. 0, PBLs from donor A; 0, 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 Kroghs equation (see text). When y is equal to A / 2 ,  K is equal to x, 
i.e., K X lo4 is equal to the number of effector cells required to lyse half of the target 
cells (5 X lo3) 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 K B / K A  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 51Cr 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 = A(1 - e - k x )  (1) 
where y is the fractional 51Cr release, A is a constant equal to the asymp- 
tote of the curve, x is the E : T ratio, and k 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 ln(A - y) versus 
x, the value k 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 (O), B (0). and 
C (A) using the von Kroghs 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 logly/(A - y)] versus log(x). (Bottom right) Curves 
calculated according to the exponential fit equation and expressed as In(A - 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 51Cr-release data. 
Unlike complement lysis, where 100% hemolysis is obtainable, it is dif- 
ficult to evaluate the maximum release of the isotope in the 51Cr-release 
method. Complete release of incorporated 51Cr 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 51Cr-release data by the introduction 
of the constant A equal to the asymptote of the 51Cr-release dose- 
response curve (43). The asymptote A 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. l 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 

(2) 
A 

y = 1 + ( K / x ) n  

where y, x, and A 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 k + l /n log[y/(A - 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/(A - 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 A 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, l/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 37OC 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 in vivo. 
In Vitro, 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 37OC 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 100% 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 
51Cr 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 viuo or in viho 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 (KagP) 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 Vmax, the maximum velocity for a natural cytotox- 
icity reaction, is expressed as 

where [L] is the lymphocyte concentration, f is the fraction of target- 
binding lymphocytes, a is the fraction of cytolytically active target-binding 
lymphocytes, and Ftz is the rate constant for target cell lysis. The expres- 
sion of KagP 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 



196 GIORGIO TRINCHIERI 

mediated by human NK cells, Callewaert et al. (73, 74) determined that 
programming for lysis is the rate-limiting step and the value of KagP 
is directly related to the frequency of target-binding cells within the 
lymphocyte population. Ka$P can be approximated by the expression 

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

V,,, is a useful quantitative measure of the overall cytotoxic activity 
of a lymphocyte preparation. VmaX 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 
KagP is more difficult to interpret. For NK cell-mediated cytotoxicity, 
KaLP is not constant but varies with the concentrations of lymphocytes 
tested, and it is approximately equal to the concentration of lytic lym- 
phocytes (71). KagP therefore allows for the simultaneous determination 
both of the frequency of NK effector cells, according to the relationship 

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

KagP = f[L](K,/K1) (5) 

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

kz = V,,,/KagP (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-CY or 
-7, 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). 

111. Phenotypic and Genotypic Characteristics of NK Cells 

A. IDENTIFICATION 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 lo4 K562 cells (U), rabbit IgC-coated P815 cells (A-A), human 
fibroblasts (M), or human fibroblasts infected with the HK strain of influenza virus 
(H) 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 
Kroghs equation. 

has represented a major limitation in the analysis of N K  cells. One of 
the most significant contributions to the study of N K  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 
N K / 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 N K  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 N K  cells, allowing 
investigations utilizing semipurified preparations of N K  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 in vitro 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 uiuo. 

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. SURFACE 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 4OC, but, unlike T cells, only a small pro- 
portion form high-affinity rosettes at 29OC (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 CDllb) 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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FIG. 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 
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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 I1 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, - 106/M) receptor (gp40, 
FcRII, or CDw32), also expressed on PMNs and B cells. PMNs also 
express a third type of FcyR (CD16 antigen) and, when activated by 
immune IFN (IFN-y), FcRI. CD16 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, CD16 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 in 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 50% 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-lla/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 NA1 (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 CD16 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 CD16 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 IgG3 and IgGl and 
mouse I&, and IgG3 with a K,  of -106/M and murine IgGl with lower 
affinity, but did not bind human IgGz and IgG4 or murine IgGzb (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 



BIOLOGY OF NATURAL KILLER CELLS 203 

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 CD16 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 CD16 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 CD16 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 a gene of the 
murine FcRII, followed by the human CDw32 and the 0 gene of murine 
FcRII. Interestingly, murine NK cells express RNA transcripts of the 
a gene but not of the 0 gene of FcRII (130). The homology between 
CD16 FcR and murine FcRIIa genes extends through the putative 
transmembrane portion (17 identical nucleotides of 21 in that domain), 
but the a transcript, unlike the CD16 transcript, presents a long 
intracytoplasmatic domain, suggesting that the murine FcRIIa 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 FcRIIa (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 FcRIIa indicates that CD16 is expressed on a 
molecule that represents the human equivalent of murine FcRIIa. 

The functional relevance of the structural differences between CD16 FcR 
on NK cells and PMNs is indicated by the fact that NK cells, but not 
PMNs, are able to lyse anti-CD16 antibody-producing hybrid cells, indi- 
cating that CD16 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 CD16 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 N K  cells with phorbol diesters also induces 
complete down-modulation of CD16 antigen expression in a few minutes 
(133). When antLCD16 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+, CD16+ 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-CD16 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-l/Leu-l9 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-l/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-l/Leu-19 antigen is expressed at very low 
density on peripheral blood NK cells, but its density increases significantly 
following in 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 IGLs) almost completely overlaps with that express- 
ing the CD16 antigen (141). The CD16-, NKH-l+ cells, representing 
2-3% of PBLs, can be subdivided into two subsets based on expression 
of the CD3 antigens (141). CD3-, NKH-l+, CD16- cells are probably 
NK cells that do not express the CD16 antigens because of differentia- 
tion or activation state. CD3+, NKH-l+, mostly CD16-, cells represent 
a minor subset of T cells with low but significant non-MHC-restricted 
ability (141). Expansion in vitro of CD3+, NKH-l+ 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-lLeu-19 antigen is almost invariably expressed on clones with non- 
MHC-restricted specificity, both CD3- and CD3+ (20). However, the 
presence of NKH-l/Leu-l9 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-l+, subsets. The NKH-l+, NKH-2- cells in peripheral 
blood appear to have higher cytotoxic activity than do NKH-l+, 
NKH-2+ cells, although highly cytotoxic clones of either phenotype have 
been described (20, 140). 

3.  HNK-l/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 IlO-kDa antigen from PBLs and reacts with 30-70oJo of peripheral 
blood NK cells, with variability among donors (95, 96). Unlike the 
observation for CD16 and NKH-l/Leu-19 antigens, there is no correla- 
tion between the percentage of PBLs positive for HNK-I/Leu-7 antigen 
and NK cell cytotoxicity (95). The expression of HNK-l/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-lL.eu-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-I/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-l/Leu-7-, CD4+ helper T cells (153, 154). A morphology 
of K L s  or at least the presence of granules seems to characterize most 
HNK-l/Leu-7+ lymphocytes with both T and NK cell markers (149). 

The CD3+, CD8+, HNK-lf 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-I+ but not in CD3-, HNK-l+ 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-l+ NK cells, with intermediate cytotoxic activity; CD3+, 
CD16-, HNK-1+ T cells, with low (or null) cytotoxic activity; and CD3+, 
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CD16 -, 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-I+ subset (156). Moreover, 
CD3+, CD4+, HNK-l+ PBLs bind but do not lyse NK cell-sensitive 
target cells (152). 

Several cell types other than lymphocytes react with HNK-l/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-l+ 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 4OC but not 
at 37OC (159). It is therefore unlikely that the human monoclonal 
antibodies bind in vivo 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-l+ cells 
was reported in three patients (177). 

4 .  CDll/CD18 Antigens and Myelomonocytic Antigens 

CDll/CD18 is a family of three molecules composed of a common 
0 subunit (CD18, 95 kDa) and different cy subunits: CDlla or LFA-1, 
CDllb or CR3, and CDllc or pl50 (178). All three molecules are expressed 
on human NK cells (179). CDlla or LFA-1 is expressed on all lymphocytes, 
whereas CDllb and CDllc tend to be expressed preferentially on NK 
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cells/LGLs (110, 179). CDllb is strongly expressed on PMNs and 
monocytes (180). The reactivity of anti-CDllb antibody OKMl with NK 
cells was first reported as evidence for the myeloid nature of NK cells 
(94, 110). However, CDllb 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 CDllb, 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 SO-SO% 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 (loo), 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 4OC but not at 29OC. 
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. Saksela and L. Lanier, personal communication). 

The majority of NK cells express at low density the 46-kDa antigen 
CD38 recognized by antibody OKTlO, whereas resting T cells are negative 



BIOLOGY OF NATURAL KILLER CELLS 209 

for this antigen (89). However, the antigen is strongly expressed on both 
T and NK cells activated in Vitro to proliferate (190, 191). Like T cells 
(190), in 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 (loo), 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 TCRP and y genes showed no evidence of rearrangement 
in both fresh and cultured human NK cells (195-ZOO), 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 TCRa genes in at least most NK cells is suggested by the lack 
of significant decrease of hybridization of NK cell DNA to the TCRG 
cDNA probe in Southern blotting, contrary to what would be expected 
if the 6 genes were deleted following TCRa rearrangement (194). No 
rearrangements were evident in the TCRG region of NK cells (194, 201). 
T cell clones that rearrange the X R y  and 6 genes and express TCRyG 
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 TCRyG+ 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 TCRaP or y6, nor do these cells express TCR after 
in vitro culture (100). Whereas no transcripts for the TCRa and y genes 
are detectable in NK cells, a nonfunctional 1.0-kb transcript of the TCRP 
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 TCRP 
gene or is due to transcription of a germ-line gene is not yet known. 
Interestingly, the TCRP 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 TCRG 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 TCRG mRNA is 
suggested by the sequence data obtained by analyzing a limited number 
of transcripts cloned so far (194). 

C. SURFACE 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) F1 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-1.1+ 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 in 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 (213). 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-GM1 antisera together with complement 
completely eliminate murine NK cell activity and partially abrogate CTL 
activity (218, 219). Flow-cytometric studies have shown that asialo-GM1 
is expressed on both NK cells and CTLs, but that NK cells are more 
sensitive than CTLs to treatment with anti-asialo-GM1 and complement 
(220). Asialo-GM1 is also present on activated and tumoricidal 
macrophages (221). However, even with these limitations of specificity, 
the anti-asialo-GMl reagents were an extremely useful tool for dissect- 
ing the role of NK cells in Vivo and in vitro before monoclonal antibodies 
to more specific antigens became available (219, 220, 222). Also, on the 
basis of asialo-GM1 expression, a possible heterogeneity of murine NK 
cells was detected, i.e., whereas all NK cells cytotoxic for YAC-1 cells 
are asialo-GM1 positive, those lysing herpes simplex virus (HSV)-1- 
infected fibroblasts include both asialo-GM1 -positive and -negative 
subsets (223). The reduced specificity of the anti-asialo-GM1 antisera 
might rest in their reactivity with other gangliosides, such as asialo-GMz 
and asialo-GMS (224). Monoclonal antibodies have been produced that 
are more specific for asialo-GM1 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 l0-20% 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 
(231-233). The Thy-l+ subset of NK cells has higher cytotoxic activity 



212 GIORGIO TRINCHIERI 

and proliferative ability than the Thy-l- 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-l+ 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 Listerzu monocytogene- 
infected mice (236, 237). However, only a minor subset of fresh, non- 
activated NK cells was found to express the MAG1 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 X R  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-l/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 X R P  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 in uitro 
propagated murine NK cells accumulate transcripts only for FcyRII-a, 
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-a is highly homologous to the CD16 FcR expressed 
on human NK cells (124). FcyRII-a-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 spontaneously occurring cytotoxic cells has been 
described in the mouse and termed natural cytotoxic (NC) cells. NC 
cells are not active against NK-sensitive target cells such as YAC-1, but 
preferentially lyse another set of target cells, of which WEHI-164 is the 
prototype (251, 252). NC cells are present in animals lacking NK cells, 
such as neonatal or beige mice, and were reported originally not to express 
markers typically expressed on NK cells, such as NK-1, NK-2, Qa-5, or 
Thy-1 (252-255). However, these early studies were performed using 
negative selection with complement and were therefore unable to 
distinguish the contribution of distinct subsets of NC cells. Positive and 
negative selection experiments by fluorescence-activated cell sorter have 
shown that NC activity can be mediated by a variety of phenotypically 
distinct NC cell subsets, including Thy-l+ and Qa-5+ cells (256). 
WEHI-164 is a very sensitive target for tumor necrosis factor (TNF), and 
the cytotoxic activity of NC cells has been shown to be mediated by TNF 
(257, 258). Thus, NC cells are a heterogenous group of cells able to 
produce TNF and therefore may include macrophages; T, B, and NK 
lymphocytes; and basophils (78, 258-260). 

In the rat, NK cells have a surface phenotype similar to that of human 
and murine NK cells. Rat NK cells are asialo-GMl+ and do not express 
the T cell-associated antigens CD4, CD5, and CD25 (IL-2 receptors) 
or class I1 MHC antigens (261, 262). However, all rat NK cells express 
CD8 (0x8)  antigen, unlike murine NK cells, which are CD8 (Ly-2) 
negative, or human NK cells, which express CD8 at low density in only 
30-50% of the cells. Rat NK cells, like human and murine NK cells, 
do not express or rearrange the genes encoding the TCR (263, 264). 
In the dog NK cells express some markers of T cells, including CD8 
(265). Cells with NK cell activity and W L  morphology which are distinct 
from classical T cells have also been demonstrated in the horse, miniature 
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swine, and other mammalian species (266-268). Cytotoxic cells possibly 
corresponding to NK cells have also been identified in birds (269), 
amphibians (270), and fish (271). 

D. MORPHOLOGY AND CYTOCHEMISTRY OF NK CELLS 

The morphological identification of most NK cells as LGLs was 
originally determined by analysis of lymphocytes binding to NK cell- 
sensitive target cells (35, 83, 84). The central role of LGLs as NK effec- 
tor cells was suggested also by the positive correlation between the number 
of LGLs able to bind to K562 target cells and the level of cytotoxic activity 
among normal donors (84), and by the finding that both NK cell activity 
and LGLs are recovered in the same fractions when human PBLs are 
separated by centrifugation on discontinuous density Percoll gradients 
(85). At least 70% of the human peripheral blood LGLs have been shown 
to have NK cell activity (90). LGL morphology has also been shown in 
NK cells from experimental animals, including mice (272), rats (273), 
and horses (266). 

Human peripheral blood cells with LGL morphology, i.e., with a high 
cytoplasm-nucleus ratio, indented nucleus, and azurophilic granules, 
were described in 1911 by Pappenheim and Ferrata (274) and termed 
monocytoid or leukocytoid lymphocytes. In transmission electron 
microscopy human LGLs appear as medium-sized lymphocytes with 
round or indented nuclei, condensed chromatin, and unusually promi- 
nent nucleoli (275-278) (Fig. 5). The cytoplasm is abundant and con- 
tains a variety of organelles. A well-developed Golgi apparatus with many 
smooth and coated vesicles is usually found in the nuclear notch. Promi- 
nent centrioles and associated microtubules are also detected in this area. 
The cytoplasm contains abundant mitochondria and a number of 
lysosomal organelles. Common among these are membrane-bound 
granules containing a homogeneous electron-dense matrix, but other 
structures, such as smooth vesicles, coated vesicles, and multivesicular 
bodies, are also normally present (275-278). The granules present typical 
internum and externum. In resting mature NK cells granules range in 
size from 50 to 800 nm in diameter, display a circular to elongated profile, 

FIG. 5. Ultrastructural features of NK cells from a short-term (10-day) bulk culture 
of human PBLs. (A) X9,lOO. (B) Details of the granules; X26,OOO. (C) Details of the 
granules of NK cells treated for 20 minutes with anti-CD16 antibodies coupled with 
Sepharose. Most granules have lost their electron-dense core and present membrane 
formations, myelin figures, and multivesicular bodies, characteristic structures in 
activated and, sometimes, resting NK cells; X 26,000. (Electron-microscopic prepara- 
tions were by C. Grossi and B. Perussia, modified from Ref. 100 with permission from 
Karger, Basel, Switzerland.) 
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and contain an electron-dense core (internum) surrounded by a layer 
of less opacity (extemum) (275, 276, 279, 280). The matrix of the granules 
is usually separated from the limiting trilaminar membrane by an 
electron-lucent space, within which electron-dense spikes can sometimes 
be seen radiating from the matrix to the membrane. The electron-dense 
core matrix is usually amorphous, except in cases in which a 
paracrystalline structure can be identified (279, 280). Various organelles 
which are probably a modification of the same granules are, however, 
observed in NK cells and have been attributed either to differentiation 
stages of the granules, similar to observations in granules of basophils, 
or to activation of the NK cells during lymphokine treatment or cytotoxic 
activity (275, 279, 281). Vesicles are observed, usually still containing 
a residual electron-dense matrix surrounded by small vesicles, to form 
multivesicular bodies, membrane myelin figures, and tubular structures. 
NK cells also contain numerous electron-lucent pinocytic vesicles and 
large vacuoles. The contents of the vacuoles are very heterogeneous, con- 
taining electron-dense particulate material and cellular debris. The 
endocytic nature of these structures was confirmed by the demonstra- 
tion of Percoll beads in the vacuoles of LGLs incubated for 1-2 hours 
at 37OC in the presence of high concentrations of Percoll(276). Although 
NK cells and LGLs were originally described as nonphagocytic, being 
unable to phagocytize latex beads, opsonized RBCs, or immune com- 
plexes (275, 278, 282), several studies have demonstrated at least a limited 
ability of these cells to phagocytize 2-aminoethylisothiouronium bromide 
hydrobromide (AET)- treated SRBCs, opsonized Staphylococcus aureus, 
and complement-coated bacteria (277, 280, 283, 284). 

Typical structures described in LGLs are the parallel tubular arrays 
(PTAs). These structures, originally described in PBLs (285, 286), were 
demonstrated to be a marker for FcyR-bearing lymphocytes (277, 278). 
The FTAs are quite variable in overall size, with some as large as 1.3 pm 
in diameter or 1.7 p in length. Lymphocytes contain large PTAs, small 
PTAs, or both. All of the PTAs contain a tubular substructure formed 
by tubules packed in wall-to-wall contact and usually located in the notch 
region of the nucleus in close association with the centriole and the Golgi 
apparatus (276-278, 280, 287-290). Some of the FTAs are surrounded 
by a membrane, but, most often, distinct membranes are difficult to 
identify. Inclusions containing only tubules were termed type A PTAs, 
whereas other inclusions containing tubules and homogeneous electron- 
dense material were termed type B FTAs (287). Comparison of the 
diameters of the tubules in different reports reveals extreme heterogeneity, 
with measurements ranging from 13 to 44 nm. However, most papers 
report a diameter of either -16 nm (276, 277, 287, 289) or -40 nm 



BIOLOGY OF NATURAL KILLER CELLS 217 

(280, 288, 290), suggesting the possibility of two classes of PTAs. Isolated 
reports of PTAs in only a very limited number of LGLs or in the com- 
plete absence of these structures (275, 279) have been attributed to the 
failure to use either ultrathin sections and high magnification or 
ammonium chloride for lysing RBCs in the cell preparation, which 
induces disappearance of the PTAs for a certain time after treatment 
(289, 291). However, the heterogeneity of the PTAs and the different 
proportions of LGLs containing PTAs reported by various authors may 
suggest that the PTA structure is unstable and may be affected by many 
different factors involved in the preparation of cells. 

Recently Caulfield et al. (279) and Kang et al. (280) reported the pres- 
ence of crystalline lattice or gratings in a proportion of granules from 
NK clones and peripheral blood LGLs, respectively. In stained sections 
crystalline structures were seen in about 10% of the densest granules, 
but in unstained sections all of the densest granules contained these struc- 
tures (279). The lattices were composed of hexagonally packed points, 
each point equidistant from six other points. The gratings consisted of 
a set of parallel lines, usually straight, but occasionally in a whorled 
fingerprint pattern. The grating pattern also appeared to be super- 
imposed on the lattice pattern, with the sets of parallel lines running 
in three directions that were at 120° with respect to one another. Lattice 
and gratings have been demonstrated to be simply different views of the 
same structures (279). The lattice spacings average 6.9 f 0.3 nm, with 
a thickness of the electron-dense lines or points ranging from 2.5 to 
3.6 nm. In addition to hexagonally packed lattices, cubic lattices were 
seen occasionally (279). In some granules the lattice appears smaller, 
with a looser packing, a microtubular appearance, and a diameter of 
17 nm, similar to the PTA microtubules described by other authors. Fre- 
quently, the gratings or lattice unraveled and formed tubules and 
trilaminar strands of unit membrane that extended from the core of 
the granules (279). These laminar membranes, myelin figures, vesicles, 
and multivesicular bodies, in the presence or absence of residual 
crystalline dense material, are more frequently seen in activated NK cells 
(281) or in discharged granules during cytotoxic activity (279). These 
results strongly suggest that granules with PTAs, membranes, or lattices 
in NK cells may be in fact structural variants of a single granule type 
(279). The crystalline lattices most probably are formed by the 
phospholipids that give rise to the membranes and vesicles. Phospholipids 
in model lipid-water systems form either lamellar or nonbilayer 
arrangements (292). The phospholipids in nonbilayer arrangements form 
long rods, with the head groups and water in the center and acyl chains 
radiating outward, and the rods are then ordered in hexagonal or cubic 
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arrays (Hex I1 phases), with center-to-center spacing of 4.5-7.0 nm (292). 
Alternatively, the rods may have the head groups on the outside (Hex 
I phase): In thin sections, this phase appears as an electron-dense 
honeycomb (279, 292), with a center-to-center distance of 16-17 nm, 
similar to the structure observed in some cases of PTA. 

Because antibody HNK-1/Leu-7 has been shown to react with most 
of the PBLs with LGL morphology, although only a part of them 
represents NK cells, several studies have analyzed the morphology of 
the two subsets of Leu-7+ cells: the Leu-7+, CD3+ T cells and the 
Leu-7+ CD16+ NK cells (280, 293-299). In most studies Leu-7+, CD16+ 
NK cells were shown to have the typical LGL morphology with numerous 
electron-dense granules, FTAs, and phagocytic ability for opsonized bac- 
teria, whereas Leu-7+, CD3+ T cells have fewer granules than NK cells, 
no PTAs, and no phagocytic ability (280, 294-299). One study (293), 
however, reports that Leu-7+, CD3+ T cells have LGL morphology with 
PTAs, whereas most Leu-7+, CD16+ or CDllb+ NK cells present a low 
number of granules and no PTAs. 

The granules of NK cells stain for glycoproteins, acid phosphatase, 
trimetaphosphatase, arylsulfatase, and /3-glucuronidase, indicating that 
they are primary lysosomes (275, 276, 280, 298, 300). The presence of 
endogenous peroxidase in LGLs has been reported in some (276, 280, 
284) but not in many other (84, 275, 278, 301) studies. Babcock and 
Phillips (276) could detect peroxidase activity in only a few vacuoles and 
suggested that it could represent enzymatic activity of phagocytosed mate- 
rial and not endogenous peroxidase. 

NK cells express various esterase activity, as detected by cytochemistry. 
Naphthol AS-D chloroacetate esterase, an enzyme characteristic of 
neutrophilic granulocytes, is also expressed at least in some granules of 
NK cells (87, 276). Nonspecific esterases, both a-naphthyl acetate 
(ANAE) and a-naphthyl butyrate (ANBE), are detectable in NK cells, 
although sometimes discordant results were obtained, depending on 
whether optical or electron microscopy was used in the analysis (84, 275, 
276, 302). ANAE and ANBE are present in the granules of LGLs, giving 
a scattered staining often ignored in optical microscopy, and, as an 
ectoenzyme, in the membrane. Like monocyte esterase (303), the mem- 
brane activity but not the granule-associated activity is inhibitable by 
sodium fluoride (NaF) (275, 276). The staining pattern of LGLs is very 
different from that observed on most T cells, in which the esterase activity 
appears as a single discrete and NaF-noninhibitable cytoplasmic dot, 
corresponding ultrastructurally to the Gall body (a cluster of lysosomes 
adjacent to a lipid droplet) or to clustered dense bodies (303, 304). 
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IV. Origin and Differentiation of NK Cells 

A. TISSUE DISTRIBUTION 

Morphological evaluation of the peripheral blood of normal donors 
originally indicated that LGLs represent - 3.6% of the lymphocytes (go), 
and a similar proportion was detected when the number of cytotoxic 
NK cells was evaluated by single-cell cytotoxic assay (60). However, the 
use of monoclonal antibodies, such as anti-CD16 and NKH-1, has shown 
that these cells represent a much larger proportion of total PBLs. 
CD16+ lymphocytes represent, on average, 15% of PBLs, with large 
variability among donors (ranging from 2 to 50%) (95, 114, 117, 118). 
The large majority of CD16+ PBLs have LGL morphology and lack B 
or T cell markers (95, 114). More than 60% of CD16+ PBLs freshly 
separated and more than 80% of IFN-treated CD16+ PBLs bind to 
K562 cells (95) and the majority of these cells are cytotoxic in a single- 
cell assay in agarose (305). The spleen is one of the major sources of 
NK cells in both humans and experimental animals. CD16+ cells in 
human spleen represent 3-4% of the total lymphocytes (95). LGLs 
localize in the spleen red pulp and not in the major areas of T cell recir- 
culation, i.e., spleen white pulp and lymph nodes (95, 306, 307). CD16+ 
cells and NK cell activity are absent from the lymph nodes of healthy 
individuals or animals (95, 308). NK cells are not present in recirculating 
thoracic duct lymphocytes, but treatment with IFN in wivo may induce 
the appearance of a small number of NK cells in the thoracic duct (309). 
In bone marrow, the number of CD16+ lymphoid cells is very low, -1% 
of the mononuclear cells, and the cytotoxic activity is also very low (95, 
308, 310). CD2+ lymphocytes sorted from bone marrow have an 
enriched NK activity, whereas FcyR+ cells are inactive, perhaps sug- 
gesting the presence of immature CD16+ NK cells in the bone marrow 
(310). The low activity of NK cells in the bone marrow might also rest 
in the presence of NK cell-sensitive target cells in the bone marrow that 
determine a functional inactivation of the NK cells (76). In the mouse, 
NK1.1+ bone marrow cells can be purified by fluorescence cell sorting 
and shown to have cytotoxic activity comparable to that of spleen 
NK1.1+ cells (229). 

In the human tonsilla palatina, the number of CD16+ lymphocytes 
and NK cell activity is reduced (95, 311, 312). Leu-7+ cells are present 
in the tonsils, some with small lymphocyte and some with LGL mor- 
phology (311). The Leu-7+ cells with LGL morphology are found in the 
crypt epithelium, whereas the small Leu-7+ are located in the germinal 
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center (311). The contribution of Leu-7+ LGLs to cytotoxicity from 
tonsil cells is, however, not clear, and macrophages might account for 
some of the observed cytotoxicity (312). Germinal center Leu-7+ cells, 
in tonsils and lymph nodes, belong to the CD3+, CD4+, Leu-7+ subset 
of noncytotoxic T cells (154). 

NK cell activity has been detected, at least in long-term assays, in 
both the airspace and the interstitial compartments of the lung (313). 
However, analysis using anti-CD16 monoclonal antibodies suggests that 
typical LGLs or NK cells are present primarily in the lung interstitium 
(314). The NK cell population in the lung is responsive to locally derived 
regulatory factors (e.g., intratracheal virus infection or IL-2 administra- 
tion), but relatively unresponsive when systematic routes of administra- 
tion of lymphokines or viruses are used (315). 

LGLs and NK cells have been demonstrated in the intestinal mucosa 
of mice (316) and rats (317). In the rat large intestine, LGLs represent 
up to 25% of the intraepithelial lymphocytes (318). The murine LGLs 
from intestinal epithelium have the same surface phenotype as spleen 
NK cells (319). Although the number of mucosal NK cells is low, their 
participation in the local defense against murine enteric coronavirus has 
been demonstrated (320). Peritoneal exudate cells are also a good source 
of NK cells. However, several studies of humans have failed to show 
elevated NK cell activity or CD16+ cells in intestinal mucosa lympho- 
cytes (321-326). Shanahan et al. (326) demonstrated that human mucosa 
NK cells are NKH-l/Leu-19+ but CD16-, and that CD3- non-MHC- 
restricted cytotoxic cells can be generated from CD2+, CD8+, CD16-, 
NKH-1- cells, possibly representing pre-NK cells. 

Nonparenchymal cells from murine and rat liver kill both the NK cell- 
sensitive target cell YAC-1 and the NK cell-resistant P815 cell (327-332). 
The killing of both target cells was attributed to asialo-GM1-positive 
cells with characteristics (e.g., density, half-life, kinetics of killing, age 
dependence, and nonadherence) typical of NK cells (327, 330). The 
pattern of target cell specificity of these liver NK cells suggests that they, 
unlike peripheral blood and spleen NK cells, might be in an activated 
state (328, 331). Macrophages (Kupffer cells) were usually cytotoxic only 
after activation in vivo by stimulants such as Corynebacterium parvum 
(328, 329, 332). In the rat, the LGLs or NK cells in the liver have been 
found to be identical to the previously described liver “Pit cells” 
(333-335). These cells are CD8+, CD5-, mostly asialo-GM1-positive 
cells with the morphology of LGLs and typical electron-dense acid 
phosphatase-positive granules (335). Pit cells are contained in the liver 
sinusoid, where they are in close interaction with endothelial cells and 
present fingerlike extensions that penetrate through the sinusoid 
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endothelial cells (334). In liver cell suspensions obtained by enzymatic 
dissociation, LGLs represent 5.3% of the cells, but their proportion in 
cell preparations obtained by high-pressure liver perfusion is up to 
30% (334). 

Treatment of mice with biological response modifiers such as maleic 
anhydride divinyl ether (MVE-2) or C .  panrum induces a dramatic 
augmentation of liver NK cell activity 3-5 days after treatment (327). 
The increase in NK cell cytotoxicity corresponded to a ten- to 50-fold 
increase in the number of lymphoid cells with LGL characteristics that 
were isolated from enzymatically digested suspensions of perfused liver 
(327). The phenotype of the isolated LGLs is the one typical of NK cells, 
i.e., asialo-GMI+, Thy-1+, Ly-5+, Qa-5+, MAGI+, Ly-1-, Ly-2-, 
L3T4- (327). 

The migratory pattern of NK cells has been studied by adoptive cell 
transfer studies, using purified radiolabeled rat LGLs from blood or 
spleen (306, 313). Following intravenous injection, more LGLs than 
T cells localized in the capillary bed of the lung, but fewer LGLs migrated 
to the spleen, where, unlike T cells, they localized in the red pulp (306). 
The adoptively transferred LGLs did not appear in the thoracic lymph. 
While NK cells do not appear to recirculate, levels of NK cell activity 
can be dramatically altered in various organ sites following administra- 
tion of immunostimulants (327, 336). The mechanisms responsible for 
these alterations could be increased activity or proliferation of preexist- 
ing NK cells, localization of blood-borne NK cells or NK cell precur- 
sors, or redistribution of mature NK cells from one site to another. In 
the case of increased NK cell activity and numbers in the liver follow- 
ing MVE-2 or C .  parvum treatment, it was shown that the accumula- 
tion of LGLs in the liver is not affected by splenectomy, but is prevented 
by 89Sr-induced destruction of the bone marrow environment, sug- 
gesting that the accumulation is due to migration in the liver of NK 
cells recently derived from bone marrow progenitors (336). 

The pattern of migration of NK cells suggests specific interaction with 
endothelial cells. Some T cells interact with high endothelial venules 
in the lymphoid tissue by expressing a homing receptor recognized by 
antibody MEL 14 (235). NK cells from normal mice do not express 
MEL 14 antigen, but up to 10% of IL-2-propagated NK cells from scid 
(severe combined immunodeficiency) mice express it (229). NK cells also 
express LFA-1 antigen, which has as a putative ligand intercellular adhe- 
sion molecule (ICAM-1) found on endothelial cells (178). The epitope 
recognized by HNK-1/Leu-7 antibody has also been involved in various 
systems of intercellular interaction and might play some role in LGL 
migration (169). 
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B. AGE, GENDER, AND GENETIC CONTROL OF NK CELLS 

Information on human NK cells during fetal development is very 
fragmentary, Marginal cytotoxic activity against K562 cells was observed 
in fetal liver cells at 8-11 weeks of gestational age, and higher cytotox- 
icity was observed with liver cells from an 18-week fetus, especially after 
stimulation in mixed-leukocyte culture (337). At no time was cytotoxic 
activity mediated by fetal thymus cells (337). In peripheral blood, no 
activity was observed in 20-week fetuses, even after boosting with IFN-7 
(338). However, induction of cytotoxic cells was observed with IL-2 treat- 
ment (338). In premature infants at 27 weeks of gestation, NK cell activity 
was constitutive in peripheral blood and was augmented by IFN-7 or 
IL-2 treatment (338). At birth, cord blood lymphocytes usually have 
normal ADCC activity, but NK cell activity against K562 target cells 
ranges from severely depressed to normal (95, 339-341). However, 
cytotoxic activity mediated by cord blood lymphocytes against another 
NK cell-sensitive target cell line, MOLT-4, was found to be comparable 
to that of adult PBLs (340). In cord blood, about 19% of the lymphocytes 
are CD16+, similar to the proportion observed in adult PBLs (95). 
However, the HNK-l/Leu-7 antigen was not expressed on CD16+ cord 
blood lymphocytes (95, 342). The number of LGLs in cord blood is also 
comparable to that of adult peripheral blood (341); therefore, NK cells 
are present in normal number in cord blood and their low cytotoxic effi- 
ciency may depend on immaturity (339) or the presence of suppressor 
cells (341). In the miniature swine, as in humans, at birth lymphocytes 
mediate ADCC but not NK cell cytotoxicity (267). If the piglets are 
hysterectomy derived and maintained germ free, NK cell activity appears 
only after 4 weeks of age, whereas piglets maintained in the standard 
specific pathogen-free animal colony develop NK cell activity at 2-3 
weeks, suggesting that stimulation by the microbial flora and environ- 
ment plays some role in the maturation of NK cells (343). In humans 
the proportion of CD16+ cells in PBLs remains relatively constant after 
birth, whereas the number of Leu-7+ cells increases almost linearly with 
age (148). A modest increase in NK cell cytotoxicity was observed in 
individuals more than 80 years old (344-349). The Leu-7- CD16+ 
subset, with the highest cytotoxic activity was not increased in these sub- 
jects, whereas a significant increase was observed in the Leu-7 + CD16 + 

NK cell and Leu-7+ CD16- T cell subsets (345-347, 349, 350). This 
increase in NK cell activity in older individuals may reflect a normal 
maturation of the NK cell system, or a preferential survival of subjects 
with elevated NK cell activity. In the age group between 20 and 60 years, 
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male donors have a higher proportion of both CD16+ lymphocytes and 
NK cell activity than do female donors (56, 95, 344, 345, 351). 

Although the relative cytotoxic ability of healthy donors is relatively 
constant when tested at different times (52), circadian and circannual 
rhythms of NK cell activity have been demonstrated for both human 
and murine NK cells (352-355). The maximum of activity for human 
donors occurs early in the morning and with a second minor peak in 
the afternoon, with a peak-to-trough difference of 50% or more of the 
average activity (352). These data point to the importance of collecting 
control donors and patients’ blood at similar times during the day when 
sequential studies are performed. 

Accurate genetic studies are lacking in humans, but a partial cor- 
relation between NK cell activity and the presence of certain HLA allo- 
antigens has been reported (56, 356-358). 

In mice spleen cells at birth are devoid of NK cell activity, and this 
activity cannot be detected during the first 11 days of life (359, 360). 
A small fraction of mice develop marginal splenic NK cell activity 
between 12 and 21 days, and all mice show NK cell activity at 26-28 
days, although lower than observed at its peak at 6-10 weeks of age and 
afterward continuously declining with age in most strains of mice 
(359-361). However, SM/J (362) and AKR (363) strains do not show this 
decline, and the decrease is less rapid in the peripheral blood of all strains 
(364). IL-2 and IFN can induce NK cytotoxic cells in cultures of spleen 
cells from old mice, suggesting that asialo-GM1 -positive pre-NK cells 
are present in the spleen (365-367). The failure of NK cells in old mice 
to mediate cytotoxicity has been variably attributed to the presence of 
suppressor cells (367, 368), a loss of competence to lyse target cells (369, 
370), or a change in the regulatory interaction between NK cells and 
other cell types (371). 

Mouse NK cell activity is under polygenic control, with at least two 
controlling genes associatad with the D locus of the H-2 region, and 
high responsiveness is usually dominant over low responsiveness (372-375). 
Analysis of the participation of non-H-2-linked genes in determining 
NK cell activity in H-2S congenic mice (376) revealed not only the domi- 
nance of the high NK cell activity phenotype over the low-activity 
phenotype in F1 hybrid offspring, but also that crosses between two low 
NK cell strains were complementary in generating F1 offspring with 
high or intermediate NK cell activity. Such genetic complementation 
between the low-activity NK cell pairs indicates that the low-activity NK 
cell phenotype in the various strains have different genetic bases. In the 
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SJL strain, three different non-MHC-linked genes were found to account 
for the poor responsiveness of NK cells to IFN (376). 

C. CONGENITAL DEFECTS OF NK CELLS 

Complete absence of NK cells is rare and has been described in only 
a few patients. Two of these patients, one male and one female, belong 
to a group of four siblings with recurrent viral infections (375). All four 
siblings developed infectious mononucleosis (IM) as young adults. A boy 
who had respiratory infections and progressive bronchiectasis since the 
age of 7 died at the age of 16 of complications of IM. All immunological 
parameters tested were normal, but NK cell activity was not tested. A 
sister and a brother also had recurrent viral infections and pneumonia 
and the sister had progressive bronchiectasis starting at age 7-10, before 
any evidence of Epstein-Barr virus (EBV) infection, as shown by the 
absence of anti-EBV antibody before developing IM. Both patients lacked 
NK cell activity against both K562 cells and HSV-1-infected target cells 
(375). No NK cells could be detected in peripheral blood of the sister 
4 and 9 years after IM, using various monoclonal antibodies, including 
anti-NKH 1/Leu-19 and anti-CD16. All other immunological parameters 
tested were normal. A fourth brother developed IM at 21 years of age, 
but he was otherwise healthy. He had a somewhat reduced level of NK 
cell activity, which was augmented by in Vitro treatment with IFN (375). 
Both parents were healthy and had normal NK cell activity (375). Biron 
et al. (377) have described another young female with severe viral infec- 
tions, including varicella and cytomegalovirus, and complete absence 
of both NK cell activity and NKH-l/Leu-19+ and CD16+ lymphocytes. 
In all of these patients CD16 and CDllb antigens were normally expressed 
on neutrophils and on monocyte/macrophages. 

NK cell activity is also deficient in patients with defective expression 
of the CD11/CD18 group of surface receptors (378); however, in these 
patients the clinical pathology is dominated by the defect in phagocytic 
cells and severe bacterial infections, and it is difficult to evaluate the 
role of the NK cell defect in the pathogenesis of the disease. 

Depressed, but not absent, NK cell activity has been observed in 
patients with X chromosome-linked lymphoproliferative disorder 
(X-LPD) (379, 380). However, NK cell activity is normal in males at 
risk (i.e., sons of X-LPD heterozygous mothers with 50% risk of develop- 
ing X-LPD after EBV infection). Thus, the defect in NK cell activity, 
apparently due to a lack of recycling ability rather than to a decrease 
in NK cell number, is acquired after EBV infection (379). 

A specific NK cell hyporesponsiveness is observed in patients with 
Chediak-Higashi syndrome (CHS), a rare autosomal recessive disease 
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associated with cellular dysfunction, including fusion of cytoplasmic granules 
and defective degradation of neutrophil lysosomes. Granules of the 
neutrophils are abnormally large, and clinical manifestations of the disease 
include defective pigmentation and increased susceptibility to infection (381). 
Humoral immunity and delayed-type hypersensitivity are normal, but 
children usually die of pyogenic infection, presumably resulting from their 
neutrophil abnormality. Survivors generally succumb to an LPD that may 
be malignant (382). NK cell activity in CHS patients is ten to 100 times 
lower than in normal controls (383-386): The number of NK cells is 
normal, as judged by the number of target binding cells and of cells 
positive with anti-NK monoclonal antibodies, but the number of cytotoxic 
cells is decreased, and the kinetics of lysis is slower than in normal NK 
cells (387-389). IFN increases the activity of CHS patients’ NK cells (383, 
387, 388). The NK cells in CHS patients characteristically contain a 
single, large granule in the cytoplasm (390): The decreased cytotoxic 
activity of these cells is probably due to a defect of the ability to secrete 
factors involved in cytotoxicity. Other lymphocyte-mediated functions 
in CHS patients appear to be normal, but the lysosomal defects can also 
be observed in granular Leu-7+ T cells and in activated B cells (391). 

In mice the functional activity of NK cells has been found to be 
modulated by several point mutations associated with coat color. The 
most commonly studied gene is Bg, which determines beige coat color 
(392). Mice carrying the Bg gene have been regarded as animal models 
for CHS. Homozygosity at the Bg gene determines defects in lysosomal 
membrane functions, resulting in granulocytes with giant lysosomes and 
abnormal functions and in altered melanosomal functions, leading to 
beige coat color (392). Beige mice have strongly depressed NK cell 
activity; the NK cell defect is post-target cell recognition and is only 
partially reversed by IFN (393, 394). Other B and T lymphocyte func- 
tions are almost normal. Beige mice have also been widely used as 
experimental models to analyze the role of NK cells in Vivo. Of other 
color mutations in the mouse, leaden, fuzzy, and pale ears have no effect 
on NK cell activity, whereas satin (Sa) is also suppressive (395). When 
Sa and Bg are present in the same animal, their suppressive effect on 
NK cells is synergistic, but allospecific CTLs are also affected (395). 

In various types of congenital B cell immunodeficiency (X chromosome- 
linked agammaglobulinemia, transient hypogammaglobulinemia, and 
most cases of ataxia telangiectasia and common varied immunodefi- 
ciency), NK cell activity is normal (396-405). Normal NK cell activity 
is also observed in patients with DiGeorge’s syndrome, showing that func- 
tional thymus is not required for NK cell differentiation (398,401,406). 
The thymic independence of NK cells is also supported by the fact that 
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athymic nude mice and rats have stronger NK cell activity than do their 
euthymic littermates (360, 407). About half of the patients with Wiskott- 
Aldrich syndrome have normal NK cell activity against K562 target cells, 
but all of these patients have severely depressed NK cell activity against 
virus-infected target cells, despite normal IFN-a titers (405). Some 
patients with SCID show a depressed NK cell activity and some display 
normal or augmented activity (95, 399, 404, 405, 408-411). In SCID 
patients with elevated NK cell activity, most circulating lymphocytes have 
the characteristics of Cllb+ LGLs (409-411). These LGLs are probably 
in an activated state, as suggested by the presence of activation antigens 
and the resistance of their cytotoxic ability to functional inactivation 
by in vivo irradiation (409-411). Some of the interesting findings in SCID 
patients are the dissociation among NK cell activity against K562 cells, 
cytotoxicity against virus-infected cells, and ability to produce IFN (405). 

In scid mice that lack both T and B cells, NK cell activity is normal 
(412, 413) and NK-2.1+ NK cells comprise the large majority of spleen 
lymphocytes (229). Unlike the thymus of normal mice, that of scid mice 
contains cytotoxic NK cells that express typical NK cell markers, at least 
after short culture in the presence of IL-2 (229). 

Microphthalmic (mi/mi) mice are congenitally osteopetrotic, with 
reduced marrow and a deficiency in natural killing (414). Experimen- 
tally, osteopetrosis and loss of NK cell activity can be observed by treating 
mice with 17gestradiol for 6 weeks (414, 415). Estradiol-treated mice 
possess nonlytic, IFN-nonresponsive immature cells which express the 
NK cell-specific antigen NK-1.1, presumably arrested prior to a bone 
marrow-dependent stage of NK cell differentiation (210, 415). 

D. MALIGNANT EXPANSION OF NK CELLS 

Acute leukemia with an NK cell phenotype has been described in only 
a few cases. Komiyama et al. (416, 417) described three cases in children 
with an acute course. The patients presented with lymphoadenopathy, 
splenomegaly, hepatomegaly, and 300,000-400,000 lymphocytes per 
cubic millimeter of peripheral blood. The circulating cells were CD3-, 
CD4-, CD8-, CD16+, CDllb+, HNK-1/Leu-7 and mediated strong 
cytotoxicity against K562 target cells (416, 417). The cell morphology 
was lymphoblastic, without evident granules. Two continuous cell lines 
were generated from one of the patients, and these maintained cytotoxic 
activity and cell surface markers of NK cells. Another case of aggressive 
NK cell leukemia was described in an adult. The cells of this patient 
bore the typical LGL morphology and were CD3-, CD4-, CD8-, 
CD16+, HNK-l/Leu-7-, with strong cytotoxic activity against K562 
target cells (418). An IL-2-dependent cell line derived from this patient 
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was maintained for several months. All of these cases of acute NK cell 
leukemia were clonal in origin, as shown by analysis of chromosomal 
aberrations (416-418). 

Cells from about half of the patients with chronic T cell lymphocytosis 
have LGL morphology and some of the markers or functions of NK cells. 
LGL lymphocytosis is usually manifested by granulocytopenia or RBC 
aplasia, thrombocytopenia, hypo- or hypergammaglobulinemia, and a 
relative or absolute increase in cells displaying LGL morphology (103). 
Since the first description of LGL lymphocytosis 10 years ago (419, 420), 
the number of reported cases of this disease, initially considered very 
rare, has increased and a large number of patients have now been 
described. In most cases of LGL lymphocytosis the phenotype of LGLs 
is rather homogeneous and these cells express CD3 and CD8 antigens. 
CD2 is expressed in cells from most patients, but the CD5 antigen present 
on all normal T cells and some B cells is usually absent or expressed 
at very low density on the LGLs. All cases of LGL lymphocytosis that 
express the CD3 antigen have rearranged TCR genes and express either 
TCRaP or TCRy6, indicating the T cell origin of these cells (421-428). 
The heterogeneity of the LGLs in the patients, the frequent spontaneous 
remission observed, as well as the chronic and relatively benign course 
of the disease have led to the hypothesis that LGL lymphocytosis is not 
a malignancy, but a reactive process (429, 430). Although reactive LGL 
lymphocytosis can probably occur, for example, in B cell chronic lym- 
phatic leukemia or EBV infections, cells in all tested patients with 
CD3+, CD8+ LGL lymphocytosis have unique rearrangements of the 
TCR genes, demonstrating the monoclonality of the disease (421-429). 

The CD3+ LGLs usually mediate efficient ADCC but low spon- 
taneous cytotoxicity, if any (103). Surface antigens preferentially expressed 
on NK cells, such as CDllb, HNK-l/Leu-7, and NKH-l/Leu-19, are 
expressed on the cells from some patients. Cells from almost all patients 
express FcyR, as shown by rosette formation with IgG-sensitized RBCs 
or binding of immune complexes, and the FcyR is usually functionally 
active in mediating ADCC. Relatively few studies have tested anti-CD16 
FcR antibodies, but among these, some (431, 432) reported reactivity 
of cells from most patients with anti-CD16 antibodies such as B73.1 or 
Leu-11, whereas in another study (433) cells from only a few patients 
reacted with antibody B73.1; instead, a more consistent reactivity was 
observed with AB8.28, an antibody reacting with a surface molecule 
different from CD16 antigen, but perhaps functionally related to the 
FcyR on NK cells and neutrophils (120). In another study, anti-Leu-11 
antibodies were negative, but consistent reactivity was observed with 
the anti-CD16 CLB FcR-gran 1 antibody (434). The same phenotype 
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(CLB FcR-gran 1+, Leu-11-) was previously reported for CD3+ clones 
with ADCC activity derived from healthy individuals (136). Unlike other 
anti-CD16 antibodies, the CLB FcR-gran 1 antibody reacts at low intensity 
with a proportion of T cells in peripheral blood, in addition to NK cells 
(G. Trinchieri, unpublished observations). Different types of FcyR (e.g., 
CD16 and CDw32) are highly homologous in their extracellular portions 
(124). In the mouse, antibody 2.4G2 reacts with both the product of 
FcRII-a, expressed on NK cells and macrophages, and the product of 
FcRII-0, expressed on B and T cells and macrophages (130, 250). It 
is possible that some of the anti-CD16 antibodies have similar specificity 
in humans. Thus, although CD3+ cells from some patients probably 
express CD16 FcyR, in other patients a different type of FcyR might 
be used in mediating ADCC. The CD3+ CD16+ phenotype expressed 
by some patients might be an aberrant antigenic expression (lineage 
infidelity) by the malignant cells, as observed in many cases of leukemias 
from various cell lineages. Alternatively, monoclonal LGLs could originate 
from the T cell subset characterized by high CD3 and low CD16 antigen 
expression, and constituting a measurable subset in about 4% of healthy 
donors (135). The spontaneous cytotoxicity of CD3+ LGLs is usually low 
and can be augmented by treatment with IL-2 or anti-CD3 antibodies 
(432, 434). The rare cases of LGL lymphocytosis with TCRy6 have spon- 
taneous cytotoxic activity that is blocked by anti-CD3 antibodies, 
analogous to observations of TCRyP clones with non-MHC-restricted 
cytotoxic activity (203, 205). Thus the TCRyP cells, unlike TCRaP+ 
cells, might use their TCR for non-MHC-restricted cytotoxicity in this 
form of LGL lymphocytosis (434). 

Only about 10% of the patients with LGL lymphocytosis have cells 
with an NK cell phenotype (CD3-, CD16+, CD2+, CD8+ or CD8-) 
which usually have high spontaneous cytotoxic activity and show no TCR 
gene rearrangements (423, 431, 432, 435, 436). However, evidence for 
monoclonality is given in several cases by chromosomal aberrations (435, 
436). LGL lymphocytosis with an NK cell phenotype has been described 
in some cases to have a more benign course than does CD3+ lympho- 
cytosis, but other cases present the same hematopoietic, immunological 
and rheumatoid disorders present in the CD3+ cases (436-438). 

LGL lymphocytosis in some cases presents mostly in the form of T lym- 
phomas (439-441). However, the organ localization of these lymphomas 
is not that typical of T lymphomas, even if the few cases analyzed for 
cell surface phenotype were CD3+ LGLs of T cell origin (440). LGL 
infiltrates are observed in the red pulp only of the spleen and in the 
liver sinusoids, with minimal involvement of lymph nodes and no involve- 
ment of the thymus, i.e., following the typical localization of NK cells 
in healthy individuals (439-441). 
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A possible retroviral etiopathogenesis has been suggested in some cases 
of LGL lymphocytosis, because of the presence of high-titer antibodies 
to either human T lymphotropic virus type I (HTLV-I) or HTLV-II(441). 

E. In ViVo DIFFERENTIATION OF NK CELLS 

In experimental animals there is evidence that NK cells originate and, 
at least in part, differentiate in the bone marrow. Treatment of mice 
with 89Sr (a bone-seeking isotope) depresses splenic NK cell activity, but 
leaves CTL generation and macrophage-mediated cytotoxicity intact 
(442-444). Moreover, bone marrow reconstitution of radiation chimeras 
produced between pairs of histocompatible high and low NK cell-reactive 
mouse strains resulted in restoration of NK cell activity in the spleen. 
The chimeras were high or low NK cell reactive, depending on the bone 
marrow donor strain, and were independent of host environment (445). 
Similar experiments have been performed using the beige mouse strain 
presenting defective NK cell activity (446, 447). Radiation chimeras were 
used to demonstrate that NK cell activity was determined by the 
phenotype of the marrow donor and not by the genotype of the irradiated 
recipient (448), confirming that the generation of NK cells is an inborn 
and autonomous function of the bone marrow. 

The role of the bone marrow as a necessary microenvironment for 
NK cell differentiation is further suggested by the failure of NK cell dif- 
ferentiation in congenital or 176-estradiol-induced osteopetrotic mice 
(210, 414, 415). However, data obtained using osteopetrotic m i h i  mice 
must be interpreted cautiously: Heterozygous + /mi animals, which have 
no defect in the final bone formation, present a level of NK cell activity 
that is 50% of that of +/+ animals, suggesting the possibility of an 
effect of the mi locus on NK cells not mediated through osteopetrosis 
(449). In the estradiol-treated mice, NKl.l+ target-binding lym- 
phocytes, which are noncytotoxic and not IFN inducible, are detectable. 
These cells might represent NK precursor cells preceding the marrow- 
dependent stage of NK cell differentiation (210). This NK-1.1 target- 
binding, nonlytic NK cell precursor was also observed in 8- to 9-day- 
old mice, before functional mature NK cells appear (210). 

Data from irradiated patients and experimental animals suggest that 
mature NK cells might be relatively short-lived and radiation resistant 
(450-456). In mice sublethal total body irradiation induces a decrease 
in NK cell activity, beginning on day 14 after irradiation; the activity 
is fully restored, however, after 6-8 weeks (454). These data suggest that 
murine mature NK cells are relatively radioresistant, renewable cells with 
a life span of up to 2 weeks and that their direct progenitors are radio- 
sensitive. Leukemogenic split-dose irradiation determines a more persis- 
tent depression of NK cell activity (453, 457). Similarly, in most irradiated 



230 GIORGIO TRINCHIERI 

patients depression of NK cell activity is observed, with subsequent 
recovery after 3-4 months (450). The lack of recovery in some patients 
could be attributed either to the irradiation or the immunosuppressive 
protocol used or to the effect of the underlying malignant disease that 
prompted irradiation. 

A different and probably more accurate evaluation of the life span 
of NK cells has been obtained by Miller (455), using the cell cycle-specific 
cytotoxic agent hydroxyurea (HU). Total NK cell activity of murine 
femoral marrow was unchanged for 10.5 hours after the first HU injec- 
tion, indicative of the transition time for the DNA-synthesizing NK cell 
precursor to become an active NK cell. This was followed by an exponen- 
tial decline with a half-time of 7.9 hours, reflecting the rapid exponen- 
tial renewal of NK cells in the marrow. In the spleen total NK cell activity 
was unchanged for 20.5 hours, indicating the transit time from the last 
DNA synthesis of the precursor cells in the bone marrow to the 
appearance of the functional NK cells in the spleen, and then declined 
exponentially, with a half-time of 24.15 hours, suggesting a half-life of 
NK cells in the spleen of, on average, 1 day (455). These results have 
been extended by Pollack and Rosse (458), using [SH]thymidine pulse- 
chase techniques in vivo. In these experiments, NK cells were identified 
by their ability to bind YAC-1 cells, after elimination of B cells. Two 
NK cell populations could be distinguished in the bone marrow: large 
proliferating target-binding cells (TBCs) (25% in S phase) and small 
postmitotic TBCs, probably derived from the large TBCs which, in turn, 
were derived from a more rapidly proliferating precursor population. 
Migration of labeled NK cells from the bone marrow to the spleen 
required at least 2 days: some of these cells in the spleen survived 2 months 
or longer, and little or no proliferation of NK cells occurred in the 
periphery of unstimulated mice (458). 

The persistence of NK cells observed in the spleen in this study was 
much longer than that reported in the study by Miller (455). This 
discrepancy might reflect an underestimation of long-lived NK cells in 
the spleen in the latter study, since cells with reduced NK cell activity, 
which might characterize older NK cells, would not necessarily be 
detected in experiments based on measurement of residual cytotoxic 
activity. Analysis of renewal of NK cells using HU depletion experiments 
also showed that nude mice, with increased NK cell activity, have 
increased cell dynamics, involving proliferating precursor NK cells (459). 

After bone marrow transplantation NK cells are the first lymphocyte 
population to reconstitute the recipient (460, 461). The pretransplant 
irradiation therapy does not immediately abrogate NK cell activity in 
the patients, but the ability of their cells to maintain cytotoxic activity 
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against K562 cells or to generate activity against tumor cells during 
culture in the presence of IL-2 is completely suppressed, suggesting a 
complete block in the proliferative ability of both NK cells and their 
precursors (462). After transplantation NK cells and LGLs appear, in 
both humans (463) and experimental animals (464), already at 1 week, 
and their number and activity increase to a peak at 30-50 days, slightly 
declining thereafter to normal or slightly subnormal levels (461,463). 
The appearance of NK cells precedes that of any other lymphocyte type, 
and at 20-30 days NK cells may represent 50-90% of all peripheral lym- 
phocytes (465). The appearance of cytotoxic NK cells parallels that of 
IL-2-inducible cytotoxic cells: Both precursor and effector LAK cells 
in the patients are CD3- cells with an NK phenotype (462). The spon- 
taneously cytotoxic NK cells in the recipient are activated, as suggested 
by their lymphoblastic appearance and by their ability to lyse efficiently 
not only K562 cells but also Daudi cells, tumor cells, and fresh leukemia 
cells (462, 464, 466). The CD3- NK cells obtained from transplanted 
leukemia patients and able to lyse leukemia cells have been cloned and 
shown by chromosomal analysis to derive from the donor bone marrow 
(466). Graft-versus-host disease (GVHD) in some cases has been associated 
with an accelerated appearance of cytotoxic NK cells following transplan- 
tation (467). The level of NK cell activity posttransplantion correlates 
inversely with the probability of CMV active infection (468). The 
establishment of active CMV infection has been shown to be followed 
by either a decrease (467) or an increase (463) in NK cell activity. These 
data confirm that NK cell precursors are contained in bone marrow and 
can rapidly proliferate and reconstitute the organisms. 

The requirement for cell division during the maturation of NK cells 
after injection of bone marrow cells in irradiated mice was shown by 
the ability of irradiation or treatment with HU 7 days after bone marrow 
cell inoculation to prevent the appearance of normal NK cell levels (469). 
The replicating NK cells freshly derived from the bone marrow are 
Thy-l+ but rapidly differentiate to Thy-1- cells, except in thymecto- 
mized mice, in which they remain Thy-lf (470, 471). The suppressor 
effect of the thymus on NK cell differentiation has also been shown in 
the low-NK cell activity mouse strain SJL; thymectomy of SJL mice as 
late as 25 days after birth increases the NK cell activity from low to 
intermediate levels (472). 

The transplantable precursor cells for murine NK cells have been 
analyzed in detail by Hackett et al. (210, 412, 473). The bone marrow 
NK cell precursors were analyzed by transplantation in anti- asialo GMI 
antibody-injected mice and by detection of NK cell activity as the ability 
of the animals to clear intravenously injected labeled YAC-1 cells from 
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the lung (473). The bone marrow precursor cells were found to be 
NK-2.1-, asialo-GM,-, Thy-1.2-, Qa-5-, Qa-2+, and H-2+ (473). Dif- 
ferentiation of the NK precursor cells in mvo requires an intact marrow 
microenvironment, because 170-estradiol-treated mice fail to sustain NK 
cell differentiation (473). Bone marrow cells from W/Wv anemic mice 
and marrow from scid mice contain a normal frequency of NK cell 
precursors, indicating that the NK precursor cells are distinct from those 
of myeloid cells and of T and B lymphocytes, respectively (412, 473). 
In a similar system, i.e., transplantation of NK precursor cells in aged 
syngeneic mice with low splenic NK cell activity, if any, Miller (474) 
demonstrated that spleen cells but not fetal thymocytes, rich in 
prethymocytes, contain NK precursor cells. Thus, fetal thymic pre-T cells 
neither demonstrate nor develop NK cell activity. IL-1, IL-2, and IFN- 
a / p  accelerate the reconstitution of irradiated mice by NK precursor 
cells (475-477). However, IFN at 14 days after transplantation induces 
a significant suppression of NK cell activity due to the induction of sup- 
pressor cells (476). Treatment of recipient animals with IL-3 determined 
a reduced appearance of NK cell activity and cells with NK cell 
phenotypic markers (477). 

F. In Vitro MODELS OF NK CELL DIFFERENTIATION 

The availability of culture systems for the analysis of NK cell differen- 
tiation could allow a more precise identification of the precursor cells 
and of the cellular and humoral interactions that are required for 
differentiation-maturation. As discussed in detail in Section V, one of the 
difficulties of these studies is that most mature terminally differentiated 
NK cells can be rapidly induced into the cell cycle and can continue 
proliferating in mlro in the presence of IL-2 for several weeks. Any system 
that analyzes in vitro differentiation of NK cells should clearly distinguish 
between the differentiation of NK cell precursors and the induced pro- 
liferation of mature resting NK cells. Recently, various experimental 
systems have been described that strongly suggest the in vitro differen- 
tiation of NK cell precursor cells from bone marrow and peripheral 
blood. Unlike bone marrow and peripheral blood, cultures of thymocytes 
seem to generate mostly non-MHC-restricted CTLs. 

1. Bone Marrow 

The original studies of NK cell differentiation in vitro using murine 
bone marrow and other organs were difficult due to the lack of well- 
characterized and monospecific reagents. Using alloantisera against 
NK-1.1 antigen, Koo et al. (478, 479) identified NK-l.1- and NK-1.1+ 
NK cell precursors devoid of cytotoxic activity, but their observation was 
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weakened by the reactivity of the alloantisera with a large proportion 
of immature hematopoietic cells. The availability of better reagents, 
including monoclonal antibodies against NK-1.1 (209), and of purified 
or recombinant lymphokines now allows a more detailed analysis of NK 
cell differentiation in uilro. IL-2 or IL-2-containing conditioned medium 
allows the generation of cytotoxic NK cells from murine bone marrow 
cultures depleted of mature NK cells by treatment with antibodies or 
with 5-fluorouracil, which is selectively toxic for differentiated cells 
(480-483). The cytotoxic cells generated in these culture systems have, 
at least in part, the phenotype of mature NK cells, including expres- 
sion of asialo-GM1 and, often, Thy-1 and NK-1.1 (481-483). The precur- 
sor cells are asialo-GM1- but usually Thy-l+ (482, 483). The NK 
precursor cells detected in these in uilro systems might therefore be more 
mature than the NK progenitor cells detected by adoptive transfer in uivo, 
which are asialo-GMl-, Thy-1-. In the absence of IL-2, differentiation 
of NK cells from bone marrow cells was not induced by IL-1, IL-3, or 
IFN-a/P (481). However, IFN and IL-1 (or hemopoietin 1) are able to 
synergize with IL-2 in inducing differentiation (483-486). A similar effect 
was observed with TNF and lymphotoxin (486). On the contrary, IL-3 
(487), transforming growth factor-P (TGF-P), IL-4 and granulocyte- 
macrophage colony-stimulating factor (GM-CSF) (486) significantly 
inhibit NK cell differentiation. Epidermal growth factor and fibroblast 
growth factor have no effect (486). 

Functionally active NK cells are no longer detectable by 1 week of 
culture in cultured murine bone marrow harvested from Dexter-type 
long-term marrow cultures (488). IFN does not induce cytotoxic NK 
cells in these cultures. However, up to 9 weeks of culture, cells cytotoxic 
for YAC-1 target cells could be generated after 1 week in secondary 
cultures in the presence of IL-2-containing conditioned medium (488). 
Like NK cells, the cytotoxic cells were asialo-GMl+, Thy-1+, Ly-5+, 
NK-l+, Ly-1-, but, unlike NK cells, - 30% of the cells expressed Ly-2 
antigen (488). 

Studies using human bone marrow (489, 490) have shown that IL-2 
induces a proliferation-dependent generation of cells cytotoxic for K562 
targets that are CD3- NKH-l/Leu-19+ and, in part, CD16+ cells. A 
detailed analysis of the precursor cells in these cultures has not yet been 
presented. 

2.  Pera'pheral Blood 

Numerous studies have analyzed the activation of peripheral blood 
NK cells and the induction of their proliferation by biological response 
modifiers such as IL-2 or IFN. However, few attempts have been made 
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to distinguish the differentiation of precursor cells from the prolifera- 
tion of mature resting NK cells. PBLs treated with the lysosomotropic 
agent L-leucine methyl ester (LeuOMe) are specifically depleted of 
CD16+, CDllb+, HNK-l/Leu-7+ cells. LeuOMe-treated PBLs were not 
responsive to IFN, but regenerated NK cell activity after treatment with 
IL-2 or stimulation in mixed-leukocyte culture (491). The precursor cells 
of the cytotoxic NK cells are not granular, but are of the same low density 
as mature NK cells (large agranular lymphocytes). Generation of NK 
cells with LGL morphology from high-density small lymphocytes of 
CD3-, CD2+, CDllb+ phenotype has been demonstrated by culturing 
the lymphocytes in the presence of mitomycin C-treated autologous 
T blasts and IL-2-containing conditioned medium (492, 493). 

3. Thymus 

Early studies showed that IL-2 induces human thymocytes to bind 
and lyse K562 target cells (494, 495). Cytotoxic activity is not present 
in fresh thymocytes, appears after 3-day culture in the presence of IL-2, 
and reaches a maximum at day 7 (496). All of the cytotoxic cells are 
NKH-l/Leu-19+ (496-498) and granular, as shown by staining with the 
lysosomotropic vital dye quinacrine (498). Although one of the original 
studies reported the presence of FcyR on the effector cells (494), the 
presence of CD16 antigens has never been detected in the thymocyte 
cultures (498). The majority of NKH-l/Leu-19+ cells in cultured 
thymocytes are also CD3+, but a significant proportion of 
NKH-l/Leu-19+, CD3- cytotoxic cells is always present (496, 498). 
Because both CD3+ and CD3- thymus-derived, non-MHC-restricted 
cytotoxic cells do not express CD16, and because NKH-1 and CD3 are 
often coexpressed in non-MHC-restricted T cell clones, it is difficult to 
identify whether the CD3- cells are T or NK cells. Because the thymus 
has been shown not to contain NK cell progenitors in adoptive transfer 
experiments, the possibility should be considered that the CD3- cells 
represent expansion/activation of T cells at an immature stage of develop- 
ment, before functional expression of the TCR on these cells. 

V. Activation and Effector Mechanisms of NK Cells 

When NK cells leave the bone marrow, they revert to a resting state 
and all or most circulating or tissue NK cells are noncycling. NK cells 
are short-lived in the peripheral blood and in spleen, but it is as yet 
unknown how long tissue-associated NK cells persist. The most striking 
characteristic of NK cells is that resting circulating NK cells, present 
at all times in all healthy individuals, are “natural” functionally active 
cells, i.e., they can be triggered to lyse a target cell within minutes when 
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confronted with the appropriate target structure or with an antibody- 
coated target cell. Other NK cell functions, such as lymphokine pro- 
duction and the regulation of hematopoietic and adaptive immune cells, 
are also mediated by resting NK cells. This ability of NK cells to respond 
to a triggering stimulus without the need for preactivation enables them 
to participate in the first line of defense against various pathogens. In 
this respect NK cells resemble other effector cell types of nonadaptive 
immunity such as granulocytes and monocyte/macrophages. Moreover, 
the functional activity of NK cells, like that of other nonadaptive effec- 
tor cells, is rapidly enhanced by cytokines such as IFN and IL-2. This 
modulation of NK cell functional activity does not require cell division. 
In mvo, however, conditions such as virus infection or a strong antigenic 
stimulus induce both the activation of NK cells and an increase in NK 
cell number, due to increased proliferation, probably mostly at the bone 
marrow level. This in mvo response is maximal at 3-4 days, before adap- 
tive immune responses become effective, and is reminiscent of the 
myelopoietic reaction to bacterial infection. Unlike myelomonocytic cells, 
differentiated resting NK cells and also resting T and B lymphocytes 
can be rapidly induced into the cell cycle and maintained in mlro in 
a proliferative state, for 30 or more cell divisions in a 2- to 3-month period. 
The in mvo proliferative response of NK cells is likely to be contributed 
by both the centralized proliferation of NK progenitor cells in the bone 
marrow and the induction of circulating NK cells into the cell cycle. 

As illustrated in Fig. 6 and detailed in this chapter, the response of 
NK cells to an external stimulus can be divided into three sequential 
phases. In the first phase interaction of NK cells with target cells or with 
immune complexes induces a rapid response (1-10 minutes) associated 
with cytotoxicity and the release of granule contents. These same inter- 
actions and also stimulation by IL-2 induce (10 minutes to 2 hours), 
independently and synergistically, the second phase, in which genes 
encoding lymphokines and surface activation antigens, including the 
p55 chain of the IL-2 receptor (CD25 antigen), are transcribed and 
expressed. In the presence of IL-2, the NK cells proceed into the third 
phase (1-3 days) of the response, with blast formation, DNA synthesis, 
and proliferation. The various stimuli and modulating factors affect these 
three phases of the NK cell response differently, and the role of each 
phase in the various in m'vo and in vitro functions of NK cells differs. 

A. SENSITIVITY OF TARGET CELLS TO NK CELL-MEDIATED KILLING 

There is considerable variability in the sensitivity of different cell lines 
and fresh tumor or normal cells to the cytotoxicity mediated by NK cells. 
The recognition structure on NK cells has not been identified, but the 
studies described below suggest the possibility that more than one single 
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FIG. 6. Model of NK cell activation following interaction with target cells or 
immune complexes. The interaction of NK cells with target cells involves unknown 
receptor@) responsible for binding and NK cell activation (signal transduction). Signal 
transduction involves enhanced phosphoinositide turnover and increase of [CaZ+]i, due 
to release of Ca2+ from intracellular stores and influx of extracellular Ca2+, observed 
upon interaction of NK cells with NK cell-sensitive target cells. Similar signal transduction 
mechanisms are activated during interaction of CD16 FcR with ligands, i.e., with anti- 
CD16 antibodies, immune complexes, or IgG-coated target cells. Three types of response 
are observed: (A) activation of the cytotoxic mechanism, with morphological altera- 
tion and secretion of the content of granules, including cytotoxic molecules such as pore- 
forming proteins, NKCF, and others; (B) transcription of lymphokine and cell surface 
receptor genes and expression of their products, with a synergistic induction mediated 
by IL-2; (C) proliferation of NK cells, mostly induced by IL-2 interaction with the high- 
affinity IL-2 receptor (IL-2R) [p75 (@) and p55 (a) chain dimer] or with the p75 chain 
(@) of the IL-2 receptor, but modulated by the regulatory effect of NK-target cell or 
FcR (CD16)-ligand interactions on the expression of the IL-2 receptor [p55 chain (a) 
or CD25 antigen] gene. These mechanisms are discussed in detail in the text. 
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structure is involved and that different target cells might be recognized 
through different structures. One general characteristic of NK cell- 
mediated killing is that cells from the homologous species are usually 
killed more efficiently than are heterologous cells; however, this 
phenomenon has been rarely studied and remains unexplained (499-501). 

The prototype target cell lines used in each species, the K562 cell line 
for human NK cells and the YAC-1 cell line for mouse and rat NK cells, 
are among the most sensitive cell lines in each system. However, almost 
any cell is sensitive to a certain extent to NK cells, if the concentration 
of effector cells is sufficiently high or if the NK cells are activated by 
IFN or IL-2. When evaluating the sensitivity of target cells to lysis, it 
should be considered that several different factors play a role in deter- 
mining cell lysis. The ability of a cell line to bind to NK cells is necessary 
but not sufficient to render it sensitive to lysis (502). In order to activate 
the cytotoxic mechanism in the NK cells, a structure on the target cells, 
possibly distinct from the one responsible for cell binding, must trigger 
the effector cells (503, 504). This second requirement can be cir- 
cumvented if the target cells present molecules that can interact directly 
with functional receptors on the NK cell surface, such as: (1) IgG 
antibodies, binding to CD16 (ADCC); (2) C3, presumably binding to 
CDllb (C3bi receptor) (505, 506); (3) antibodies to CD16 or CD2 antigens 
on NK cells and binding with the Fc fragment to the FcR on target cells 
(reverse ADCC) (507); and (4) heterocross-linked antibodies that recognize 
an NK cell receptor (e.g., CD16) and an antigen on the target cells (508, 
509). When target cells are bound to NK cells and the lytic mechanism 
is activated, lysis of the target cells still depends on the intrinsic sen- 
sitivity of the target cells to the lytic mechanism. Certain types of target 
cells may activate the cytotoxic ability of NK cells and therefore might 
appear to be very sensitive to NK cells. For example, NK cell activation 
is observed with target cells infected with viruses or mycoplasmas (79-82), 
but may require the participation of accessory cells and IFN (510), and 
is characterized by an increase of the rate of lysis during the cytotoxic 
assay (see Fig. 3). 

The intrinsic susceptibility of target cells to NK cell lysis appears to 
be dependent on components of the cell membrane. Glycoproteins 
isolated from the target cell membrane and inserted into artificial mem- 
branes were able to inhibit conjugate formation between human or rat 
NK cells with their target cells in a species-specific manner (500). 
However, cytotoxicity was not inhibited in these experiments (500), raising 
the possibility that lytic factors acting at short range but not requiring 
cell contact might play a role in NK cell-mediated cytotoxicity. The 
species specificity of the inhibition suggests that the species specificity 
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of the NK cell cytotoxicity is at the level of NK-target cell conjugate 
formation. If liposomes containing membrane components from sen- 
sitive target cells are fused with resistant target cells, the resistant target 
cells become sensitive to NK cell-mediated lysis (501). In this experimental 
system (501) NK cells did not bind to or lyse heterologous target cells 
even when fused with liposomes containing membrane components from 
homologous, sensitive target cells. Moreover, liposomes containing mem- 
brane components from heterologous NK cell-sensitive target cells could 
not confer NK cell sensitivity to homologous NK cell-resistant target cells. 
These results suggest that species restriction might be at both the recogni- 
tion (binding) and triggering levels. 

Although NK cell lysis is often defined as specific for tumor and virus- 
infected targets, these cytotoxic cells can also lyse normal cells, and often 
it is difficult to demonstrate lysis of malignant cells. In most cases, virus- 
infected cells are no more sensitive than uninfected cells but are lysed 
through mechanisms that involve activation of NK cells (79, 511-513). 
Lysis of freshly obtained tumor target cells can be demonstrated using 
both autologous and allogeneic NK cells, but often procedures such as 
enrichment or stimulation with IFN or IL-2 must be used before signifi- 
cant killing is observed (514-517). In some cases tumor cells freshly 
obtained from the patients are insensitive to NK cell-mediated lysis; 
however, brief (24-hour) incubation in vitro in the case of acute myeloid 
leukemia blasts (518) or treatment with anti-Ig antibodies in the case 
of B cell chronic leukemia cells (519) render these cells sensitive to NK 
cell lysis. YAC-1 cells, when grown in vivo and directly obtained from 
the animals, are also resistant to lysis unless cultured for a few days (520). 
In this case the NK cell sensitivity increases during in vitro culture con- 
comitant with a decrease of H-2 antigen expression, suggesting that an 
effect of IFN in vivo, as discussed below, might be responsible for NK 
cell resistance (521). Experiments using IL-2-activated NK cells against 
autologous endometrial carcinoma cells and normal endometrial 
epithelium cells have shown that the carcinoma cells were lysed more 
efficiently than were the normal cells, suggesting that activated NK cells 
might, at least for this type of tumor, selectively lyse the malignant cells 
(522). In several studies, transfection with the rus oncogenes has been 
shown to render cells sensitive to NK cell lysis (523-525), although the 
lack of correlation of sensitivity to lysis with transformation (525) makes 
it difficult to conclude from these observations that NK cell sensitivity 
arises during the early stages of cellular transformation. However, Nabi 
et ul. (526) showed that suppression of some characteristics of transformed 
cells, such as lack of contact inhibition, renders human malignant target 
cells resistant to NK cell lysis. 
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The possibility that the sensitivity of transformed cells to NK cell lysis 
is determined by their high proliferation rate and by structures expressed 
at particular stages of the cell cycle was excluded by studies showing 
that susceptibility to lysis is independent of the cell cycle stage (527, 528). 

Kiessling and Wigzell (529) proposed that the function of NK cells 
was the surveillance of primitive cells, since embryonic thymus and bone 
marrow contain NK-sensitive cells (36), NK cells lyse undifferentiated 
but not differentiated embryonic carcinoma cells (530), and induction 
of differentiation of the K562 (531, 532) and U937 (529) cell lines reduces 
their sensitivity to NK cells. Evidence against this theory comes from 
the observation that NK-deficient beige mice are no more susceptible 
than are normal mice to the growth of experimental embryo-induced 
teratoma and teratocarcinoma (533). Also, phorbol diester treatment 
of K562 cells, which was originally shown to induce differentiation and 
decrease sensitivity to NK cell lysis (531, 532), was subsequently reported 
to increase sensitivity (534) or to have opposite effects on different 
subclones of K562 (535). Phorbol diesters induce NK cell sensitivity in 
many cell lines (534, 536), possibly by inducing a decrease in cell surface 
sialic acid content (534, 537). That autologous or allogeneic NK cells 
or activated NK cells can lyse normal differentiated cells is supported 
by the relative sensitivity of normal fibroblast strains (34, 35) and normal 
fresh monocytes to NK cell lysis (538, 539). 

Several experimental observations suggest an inverse correlation 
between expression of class I MHC antigen on target cells and sensitivity 
to NK cell lysis. Differentiation of teratocarcinoma cells and of normal 
thymocytes results in increased H-2 expression and decreased sensitivity 
to lysis (530, 540). In the YAC-1 and other cell lines, low expression of 
class I antigens correlates with high sensitivity to NK cells and limited 
growth potential in mvo, whereas variants with high class I expression 
are resistant to NK cells and highly metastatic in mvo (541-546). IFN 
treatment of target cells determines both resistance to NK cell lysis and 
increased expression of class I MHC antigens (543, 544, 546). However, 
other studies failed to demonstrate an absolute correlation between class I 
MHC expression and sensitivity to NK cell lysis (547, 548), including 
two studies (549, 550) in which transfection and expression of H-2D or 
H-2K genes in target cells were shown to have no influence on NK cell 
susceptibility. 

Another example of dissociation between class I MHC antigen expres- 
sion and NK cell sensitivity comes from adenovirus-transformed cells: 
When the EZA gene from adenovirus 5 was present, transformed cells 
had little or no class I MHC antigen expression and were resistant to 
NK cell lysis and tumorigenic, whereas when the EZA gene from 
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adenovirus 12 was present, transformed cells expressed high levels of 
class I MHC antigens and were sensitive to NK cells and poorly 
tumorigenic (551). Overall studies suggest that in some cases class I MHC 
antigen expression prevents the triggering of NK cells and, as suggested 
in one study (545), the formation of NK-target cell conjugates; however, 
in other cases this negative control is ineffective, possibly because other 
structures are present on the target cell membrane and are recognized 
by NK cells. 

Several antigens present on target cell membranes have been proposed 
as possible NK cell target structures. The data are largely contrasting, 
and evidence in favor of the role of a single molecule has not been con- 
firmed in other systems. It is possible that NK cells recognize different 
molecules that either play a primary role as target molecules responsi- 
ble for conjugate formation and/or triggering or exert an accessory but 
not essential role in increasing the binding affinity between NK and target 
cells. The transferrin receptor (TfR) has received much attention as a 
possible target antigen on the basis of inhibition by anti-TfR antibodies 
and correlation between TfR expression on target cells and sensitivity 
to NK cells or ability of the cells to compete (552-554). However, in 
several other studies (533, 555, 556) these results could not be reproduced, 
indicating that the role, if any, of the TfR as a target cell antigen is 
not unique. One study (557) suggested that the presence of either TfR 
or CDw32 FcyRII on cell lines could be sufficient for NK cell recogni- 
tion, on the basis of antibody inhibition analysis. Expression of the CD15 
antigen (3-fucosyl-N-acetyl-lactosamine hapten or X-hapten) on cell lines 
has been correlated with binding to and lysis by NK cells (558). Those 
findings, together with the ability of anti-CD15 antibody to inhibit NK 
cell-mediated lysis (559), suggested a role for the CD15 hapten in NK 
cell killing. Other investigators (143) identified the 140-kDa heterodimer 
detected by antibody 4F2 as the target cell structure recognized by several 
non-MHC-restricted cytotoxic T cell clones that express an identical TCR 
idiotype and recognize target cells through the TCR in an antigen-specific 
fashion; however, no role for 4F2 antigen was found in the killing 
mediated by human peripheral blood CD3-, TCR- NK cells (554, 
560). Recently, it was found that monoclonal antibodies directed against 
a 42-kDa molecule, possibly existing as a homodimer on target cells, 
efficiently inhibit NK cell binding to and lysis of all human and mouse 
target cell lines tested and of the fish parasite Tetruhymenu pyn~o~mis ,  
suggesting that the antigen is a primitive recognition structure present 
on the target cells (561). 

Several reports have described the ability of simple or complex sugars 
to inhibit NK cell-mediated lysis (562-564). The inhibition was observed 
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only at high sugar concentrations ( > 50 mM), but hexose phosphates 
at less than 25 mM were inhibitory (562) and hexose 6-0-sulfate esters 
such as mannose-6-sulfate or galactose-6-sulfate were inhibitory at 1-2 
mM concentrations (564). Although it is known that sugars act at a 
postbinding stage (after the Ca2+ -requiring step) to inhibit lysis, the 
mechanism of this inhibition remains unclear (563, 564). The ability 
of certain glycopeptides from the target cell membrane to inhibit NK 
cell-mediated lysis suggests the requirement for target cell expression 
of certain carbohydrate structures (565). However, several lines of 
experimental evidence have excluded a role for the mannose-6 -phosphate 
receptor on either the effector or target cell surface in NK cell-mediated 
lysis (566, 567). A possible role for lectinlike substances has been pro- 
posed on the basis of inhibition of pig NK cells by lectin-specific 
antibodies (568). 

IFN, a potent activator of NK cell cytotoxic activity, antagonistically 
protects target cells frcm NK cell lysis (34, 503, 569, 570). These 
antagonistic effects of IFN may play a major regulatory role in in mvo 
NK cell activity, as discussed further in Section IX. Treatment of several 
cell lines for a few hours with IFN-a, -p, or -y induces a dose-dependent 
inhibition of target cell sensitivity to NK cell lysis (34, 503, 569, 571). 
Lysis by complement, ADCC, or CTLs is not affected (503, 569, 570, 
572). The induction of resistance requires active RNA and protein syn- 
thesis in the target cells (34). After 24-48 hours’ incubation in the absence 
of IFN, target cells regain their sensitivity to NK cell lysis (503). The 
inhibition of NK cell lysis by IFN treatment of target cells is at a post- 
binding stage, as indicated by the observations that IFN-treated target 
cells are able to form conjugates with NK cells (503, 570) but not to 
induce NK cell cytotoxic factor (NKCF) release (573, 574) or Ca2+ 
influx in the effector cells (575). However, IFN-treated cold target cells 
fail to compete for the lysis of untreated 51Cr-labeled target cells (503, 
570), showing that competition experiments measure the functional inter- 
action of NK cells with target cells and not only target cell recognition 
(76). IFN-treated target cells are still sensitive to NK cell lysis triggered 
by IgG antibodies in ADCC (503, 569), and to the lysis mediated by 
NKCF (573, 574). Surprisingly, however, sensitivity of IFN-treated K562 
cells to the lysis mediated by purified granule material was reduced (575). 
These contrasting results might reflect the use of different target cell 
types, i.e., normal fibroblast strains or K562 cells, in the various studies. 

Different cell lines differ greatly in their sensitivity to the NK cell- 
protecting effect of IFN, and a correlation has been found between the 
abilities of IFN to induce antiviral activity and to protect the target cells 
from NK cell lysis (34, 569). A few units of IFN-a completely protected 
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fibroblasts from lysis, whereas even very high concentrations of IFN-a 
or -y induced only partial protection of K562 cells (34, 576). Transformed 
or tumor-derived cell lines, on average, are more sensitive than are normal 
fibroblasts to IFN, although individual tumor-derived cell lines display 
high or intermediate sensitivity to the protective effect of IFN (569). Infec- 
tion of target cells with most viruses completely prevents the ability of 
IFN to protect target cells, probably because lytic infection by these 
viruses suppresses host cell RNA and protein synthesis (34). However, 
viruses such as lymphocyte choriomeningitis virus that do not suppress 
RNA and protein synthesis do not prevent the protective effect of IFN 
on target cells (511). In addition to fibroblasts, other normal cells are 
protected by IFN against NK cells, including normal thymocytes (521) 
and monocytes (577). The IFN-induced increase in sialic acid expres- 
sion on target cells has been inversely correlated with sensitivity to NK 
cell lysis (578). The abilities of IFN to increase class I MHC expression 
and to decrease sensitivity to NK cells have been considered as evidence 
for the preferential NK cell lysis of target cells with low class I MHC 
expression (543, 544, 546); however, the demonstration that IFN can 
protect target cells without inducing class I expression (579) has shown 
that this is not the major mechanism by which IFN protects target cells. 
Normal and tumor target cells are rendered resistant to NK cell lysis 
by in vivo exposure to IFN (521, 570), and IFN-treated B16 melanoma 
cells become NK cell resistant in vitro, with increased metastatic poten- 
tial in Vivo (580). The antagonistic effects of IFN on NK cells and their 
target cells in vivo may render NK cells selective against virus-infected 
target cells or IFN-resistant malignant cells by protecting normal cells 
from NK cell lysis and from competition with sensitive target cells. 
However, malignant cells that maintain IFN sensitivity or viruses that 
do not induce IFN resistance in the host cells might be able to escape 
the surveillance mechanism of NK cells. 

B. RECEFTORS INVOLVED IN NK EFFECTOR-TARGET CELL 

With the exception of the CD16 FcyR used in ADCC, there is no 
definitive information yet on the type of receptor used by NK cells for 
target cell recognition and killing. TCR genes are not rearranged and 
TCR proteins are not expressed on peripheral blood CD3- NK cells, 
although TCRaP+ and possibly most TCRyP,  non-MHC-restricted 
CTLs may use their TCR for target cell recognition (142, 202-204). 

Experiments of target cell cross-competition served to define several 
cross-competing target cell groups (13, 581, 582), suggesting some selec- 
tivity in the specificity of NK cells. Studies of the specificity of IL-2-grown 

INTERACTION AND SIGNAL TRANSDUCTION MECHANISMS 



BIOLOGY OF NATURAL KILLER CELLS 243 

NK cells have indicated heterogeneity in the range of target cells lysed 
by the clones but have not demonstrated a clonally distributed specificity 
of NK cells (20, 583, 584). Recently, TCR-, CD3- NK cell clones, 
originated from mixed-leukocyte cultures with lymphocytes from some 
but not all donors, were shown to specifically lyse allogeneic cells bearing 
the stimulating alloantigens (585). The molecular basis of this 
phenomenon is not known and may involve preferential growth in the 
mixed cultures of NK cells with a single receptor or a combination of 
receptors that preferentially recognize non-MHC-encoded polymorphic 
structures on the stimulator cells. 

It was hypothesized that, at least in some experimental systems, NK 
cell activity depends on the presence of natural cytophilic antibodies 
bound in vivo to the FcyR and directed against target cell surface antigens 
(586-588). Although this mechanism may play a role in some systems, 
it is clearly not a general mechanism for NK cell-mediated cytotoxicity, 
as shown by several lines of evidence: (1) anti-IgG or anti-CD16 FcyR 
antibodies inhibit ADCC but not NK cell killing (79, 114, 132, 589-591), 
(2) phorbol diesters induce down-modulation of CD16 FcyR and inhibi- 
tion of ADCC but not of NK cell killing (133), and (3) NK cells from 
scid mice and from several SCID patients are cytotoxic both in vilro and 
in vivo even if the animals and the patients do not produce IgG (400, 
401, 410, 412, 413). However, interaction of CD16 FcyR with aggregated 
IgG, immune complexes, or cross-linked monoclonal anti-CD16 
antibodies at 37OC induces inhibition of both ADCC and spontaneous 
cytotoxic activity (32, 132, 592-594). These data suggest that CD16 FcyR 
are not directly involved in the mechanism of NK cell-mediated spon- 
taneous cytotoxicity, but that aggregation of the FcyR, e.g., by inter- 
action with IgG-sensitized target cells or with immune complexes, may 
trigger and eventually exhaust the same cytotoxic mechanism involved 
in spontaneous cytotoxicity. 

Like the inactivation of NK cells upon interaction with IgG-coated 
target cells, the interaction with NK cell-sensitive target cells also induces 
inactivity of NK cells, resulting in a decrease in cytotoxic rate with time 
of incubation (76). When PBLs containing NK cells were incubated at 
37OC, but not at 4OC, with K562 target cells, NK cells were completely 
unable to lyse freshly added target cells after 4 hours of incubation (76). 
This inactivation was not seen with target cells, such as mycoplasma- or 
virus-infected cells, that were able to induce IFN production (76, 595), 
and IFN (76) and IL-2 (596) restored cytotoxic ability in NK cells that 
were separated from the target cells. The inactivation of NK cells was 
not target cell specific, and NK cells also showed abrogated or reduced 
cytotoxicity against target cells unrelated to those used for inactivation 
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or against IgG-coated target cells (76, 597). IFN-treated target cells, which 
were resistant to NK cell lysis, were unable to induce NK cell inactiva- 
tion (503, 595). These data were originally interpreted by assuming that 
after one or a few lytic interactions with the target cells, NK cells 
exhausted preformed lytic mediators required for both ADCC and spon- 
taneous cytotoxicity and therefore became unable to mediate additional 
cytotoxicity unless stimulated by IFN or IL-2 (76). However, Brahmi et al. 
(598) demonstrated that the target cell-induced NK cell inactivation also 
occurs in the absence of Ca2+, suggesting that it affects an early 
calcium-independent event in the activation of the human NK cell 
cytolytic mechanism. 

Many studies have shown that interaction of NK cells with NK cell- 
sensitive target cells stimulate phosphoinositide turnover with production 
of the Ca2+ -mobilizing messengers inositol trisphosphate (IP3) and IP4 
(599-602; M. Cassatella and G. Trinchieri, unpublished observations). 
Ca2+ influx in the effector cells has been suggested on the basis of 45Ca 
uptake data (575, 603), although uptake by effector and target cells could 
not be distinguished by those experimental procedures. Recently, 
Windebank et al. (604), using liquorin-loaded NK cells, and we (M. 
Cassatella and G. Trinchieri, unpublished observations), using 
Fura-2-loaded NK cells, have shown that interaction of NK cells with 
target cells induces an increase in intracellular Ca2 + concentration 
( [Ca2+]i) that is approximately proportional to the sensitivity of the target 
cell to lysis. The increase in [Ca2+]i upon interaction with the target cell 
depends on both the release of Ca2+ from intracellular stores and the 
uptake of extracellular Ca2+ (M. Cassatella and G. Trinchieri, 
unpublished observations). The stimulation of NK cell phosphoinositide 
metabolism by target cells has been shown to require extracellular Ca2+ 
in one study (602) but not in others (601; M. Cassatella and G. Trin- 
chieri, unpublished observations). These contrasting results are not sur- 
prising because chelation of extracellular Ca2+, depending on the 
experimental conditions, may result in a slower depletion of [Ca2+]i, 
which eventually blocks phosphoinositide metabolism by preventing activa- 
tion of the Ca2+-dependent phospholipase C. Cross-linking of the CD16 
FcyR by antibodies, immune complexes, or IgG-coated target cells also 
induces formation of IP3 and IP4 that does not depend on the presence 
of extracellular Ca2+ (601; M. Cassatella and G. Trinchieri, unpublished 
observations) and an increase in [Ca2+]i (601). 

In analogy with the data on activation of T cells through the CD3 
complex (605, 606), it is possible to postulate that activation of NK cells 
through either CD16 FcyR or the receptor(s) for target cells induces 
activation of the same G protein, with subsequent induction of IP3 and 
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IP4 and increased [Ca2+]i. Following this activation, again by analogy 
with T cells (605, 606), the G protein may remain in a refractory state, 
thereby preventing activation of NK cells by either IgG-coated or sen- 
sitive target cells. The independence from extracellular Ca2+ of the 
stimulation of phosphoinositide metabolism in NK cells suggests that 
inactivation of the G protein, like the inactivation of the cytotoxic mecha- 
nism by target cells (598), should also not require extracellular Ca2+. 

The surface molecules of the CDll/CDl8 family appear to play impor- 
tant functional roles in NK cell killing. Patients with severe deficiency 
of the common CD18 chain and therefore lacking all three molecules 
are deficient in NK cell activity (378, 607). Antibodies to the CD18 chain 
efficiently block NK cell-mediated cytotoxicity by preventing binding 
of NK cells to target cells (179, 608, 609). Patients with selective defi- 
ciency in CDlla (LFA-1) expression are also deficient in NK cell-mediated 
cytotoxicity (608). A series of antibodies directed against various epitopes 
of the CDlla molecule inhibited both NK cell-mediated and CTL- 
mediated cytotoxicity; these antibodies had different efficiency in 
inhibiting cytotoxicity, but the same hierarchy of functionally relevant 
CDlla epitopes was shown for NK cells and CTLs (608). The antibodies 
inhibited lysis at the effector cell level by preventing NK-target cell con- 
jugate formation (608). When peripheral blood NK cells were tested, 
inhibition by anti-CDlla antibodies was observed with several different 
target cell lines (610); with one NK cell clone used as effector cells, lysis 
of K562 cells but not that of other target cells was inhibited (610), whereas 
with other clones, the opposite result was observed (611). CDlla (LFA-1) 
is therefore an important adhesion molecule in the interaction of cytotoxic 
cells, both NK cells and CTLs, with target cells; the variable require- 
ments for the CDlla molecules in binding of different target cells from 
different clones suggest that that either CDlla is one of several recep- 
tors that NK cells can use for binding or it has only an accessory func- 
tion, essential only when other receptors responsible for the specificity 
of the binding do not ensure a binding of sufficient affinity. No evidence 
has been provided that CDlla is a functional receptor capable of signal 
transduction and triggering of NK cells. 

A possible role for the CDllb molecules, or receptor for the C3bi frag- 
ment (CR3), in NK cell-mediated cytotoxicity is suggested by the 
increased efficiency of NK cell lysis of Raji target cells when these cells 
bind C3 through their CR2 (505, 506). Expression of CDllb on the NK 
cells is required for the enhancing effect (612); however, it is possible 
that this phenomenon reflects only a bridging effect that enhances NK- 
target cell contact, without triggering of the NK cells through the 
CDllb molecule. Antibodies to CDllb or CDllc did not directly affect 
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NK cell-mediated cytotoxicity against a variety of target cells, including 
the Raji cell line, in the absence of complement (179), although the lysis 
of Raji cells with bound C3 was inhibited by anti-CDllb antibodies (612). 

Antibodies against non-lineage-restricted epitopes of the T200 mole- 
cule (CD45) inhibit NK cell-mediated lysis but not CTL-mediated lysis, 
acting at the effector cell level at a postbinding stage (613, 614). Some 
antibodies blocked lysis of a wide range of target cells (614), but antibody 
13.1 blocked lysis of K562 cells but not of T cell lines, even when clones 
able to lyse both types of target cells were used as effector cells (613). 
Antibody 9.1C3, which binds a protein dimer of 66 and 76 kDa that 
is associated with the T200 molecule, also blocked NK cell-mediated 
lysis at the effector cell level and at a postbinding phase (615). A rabbit 
antiidiotypic antiserum generated against antibody 9.1C3 was highly reac- 
tive with K562 cells, precipitating two molecules of 94 and 79 kDa, and 
inhibited NK-mediated lysis of K562 cells at a postbinding stage (616). 
Thus, T200, or molecules associated with it, appear to interact with 
cell surface molecules on at least some target cell types, creating a secon- 
dary postbinding NK-target cell interaction; however, the functional 
significance of this secondary interaction is unknown. 

Laminin or its receptor represents another adherence system that plays 
a major role in NK cell killing (617). Rodent and human NK cells, more 
than other lymphocyte types, express a lamininlike structure (48 kDa 
on rat cells and 38 kDa on human cells) that is recognized by antilaminin 
antibodies (618-620). The 48-kDa molecule on rat NK cells is translated 
from a 2.4-kb mRNA homologous to part of the 8-kb mRNA encoding 
the @2 subunit of laminin (617). Laminin and F(ab ' )~  antilaminin 
antibodies block cytotoxicity at a postbinding stage, without inhibiting 
NK-target cell interaction (619, 620). The sensitivity of murine target 
cells to NK cell-mediated lysis has been correlated with the ability of 
NK cells to bind laminin (618). Expression of lamininlike molecules on 
the NK cell surface increases upon stimulation with IL-2 (620). Thus, 
it is possible that a lamininlike molecule on the NK cell after conjugate 
formation acts in continuing the lytic mechanism by binding to the target 
cells either through laminin receptors or to matrix laminin expressed 
by the target cells (620). 

C-reactive protein (CRP) is expressed on a proportion of PBLs (621). 
The CRP present on PBLs is not bound to the CRP receptor; it is present 
in monomeric form and not in the pentameric native form, and is 
presumably produced by the lymphocytes (622). Earlier studies using 
antibodies against native CRP detected expression of CRP on 3-4% of 
the PBLs, and all of the positive cells had the phenotype of NK cells 
(621); however, using antibodies specific for determinants expressed only 
in the monomeric form, 20-30oJo of PBLs expressed CRP, suggesting 
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that cells other than NK cells might express it (622). Anti-CRP F(ab’)2 
antibodies reduced NK cell function at a postbinding stage (623), sug- 
gesting that CRP might be another of the molecules involved in the secon- 
dary interaction between NK and target cells, or that anti-CRP antibodies 
act directly on effector cells by preventing NK cell triggering. 

The CD2 E-R antigen expresses at least three distinct epitopes: Tlll, 
the erythrocyte binding site; Tl12, an epitope unrelated to the binding 
site but with the same cellular distribution of Tlll; and Tl13, an epitope 
expressed only in activated cells or in cells treated with anti-Tl12 
antibodies (624). CD2 is an antigen-independent pathway of T cell activa- 
tion, and treatment of T cells with anti-Tll2 plus anti-T113 antibodies 
induces expression of IL-2 receptor, secretion of IL-2, and proliferation 
of T cells (624). Treatment of peripheral blood NK cells with anti-Tll2 
and anti-Tl13 does not induce cell proliferation (625). This lack of a 
proliferative effect of anti-CD2 antibodies is probably due to a lack of 
IL-2 production (626), because anti-CD2 antibodies stimulated expres- 
sion of the IL-2 receptor in NK cell clones (627) and increased the 
cytotoxic activity of both fresh NK cells (628) and NK cell clones (629, 
630). Anti-CD2-treated NK cells showed increased adhesion to the target 
cells and oriented discharge of granules on the area of contact with the 
target cells (630); simultaneous treatment with anti-CDlla antibodies 
blocked NK-target cell adhesion and induced NK cells to secrete their 
intracellular granules, as measured by release of proteoglycans, without 
reorientation of the granules (630). This activation by anti-CD2 
antibodies was induced when F(ab ’)2 fragments were used, excluding 
the involvement of FcyR (630). However, when a single anti-CD2 antibody 
was used, signal transduction, as shown by increased [Ca2+]i and 
cytotoxicity, was induced by interaction of the Fc portion of the anti- 
CD2 antibody with the CD16 FcR, since the F(ab’)2 fragment of the 
anti-CD2 antibody did not induce signal transduction and anti-CD16 
antibodies partially blocked signal transduction induced by the intact 
anti-CD2 IgG antibody (631). 

Monoclonal antibodies that block cytotoxicity mediated by NK cells 
from the catfish Ictalurus punctatus have been generated by immuniza- 
tion with enriched fish cytotoxic lymphocytes (271). These antibodies 
also react with human NK cells and inhibit the cytotoxicity of human 
NK cells and non-MHC-restricted CTLs against a variety of target cells 
(632, 633). The antibodies precipitate a heterodimer of 41 and 38 kDa 
from fish cells and of 43 and 38 kDa from human cells (271, 632, 633). 
These results, together with the studies (561) suggesting common target 
molecules on the fish parasite Tetrahymena pyrfoormis and NK cell- 
sensitive target cells, suggest that NK cells recognize target cells as using 
a receptor-ligand system that is highly conserved during evolution. 
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Preliminary reports have described other possible NK cell receptors. 
Ortaldo et al. (634) showed that antiidiotypic antibodies directed against 
an antibody specific for a glycoprotein of K562 cells react with an 80-kDa 
molecule on NK cells, block target binding and lysis by NK cells, and, 
when used to pretreat NK cells, enhance cytotoxicity and induce IFN 
production. Timonen et al. (635) have shown that certain antibodies 
to the F(ab')z of IgG specifically stain LGLs, precipitate predominantly 
a 60-kDa molecule from them, and block lysis by preventing postbind- 
ing reorientation of the effector cells. Interestingly, an antibody that 
reacts with the p48 lamininlike molecules on LGLs cross-reacts with the 
Ig light chain (636). 

Of the different molecules for which a role has been proposed in NK- 
target cell binding or in postbinding events during NK cell-mediated 
cytotoxicity, only CD16 and CD2 have been shown to act directly in the 
signal transduction and activation of the cytotoxic mechanisms (630, 
637). Only in the case of CD16 molecules has activation of NK cell 
cytotoxic and other functions been shown to be induced by their natural 
ligand, immune-complexed IgG (637). The large number of molecules 
that have been proposed to be NK cell receptors for target cells or to 
play some role in NK cell-mediated cytotoxicity is reminiscent of the 
confusion in the T cell receptor field before the "CR was identified. 
It is possible to speculate that most of the molecules described so far 
do not represent real receptors and that some of the results are artifacts 
due to a direct effect of the antibodies used on the NK cells, indepen- 
dent of any role of the recognized molecules in the cytotoxic process. 
However, unlike CTLs, NK cells do not appear to have antigenic 
specificity or clonally distributed receptors. Yet heterogeneity of NK cell 
and selectivity for target cells have been shown by competition 
experiments and by analysis of the selectivity of NK cell clones. Thus, 
the selectivity of NK cells might be determined by the relative expres- 
sion of several cell surface molecules and receptors, and all of the 
molecules discussed above might play some role in either the recogni- 
tion or the postbinding phases, with no single molecule playing a unique 
and essential role. Different sets of molecules might be involved in each 
combination of NK-target cells and a heterogeneity in the functional 
role of the various molecules might exist at both the NK and target cell 
levels. 

C. MECHANISMS OF CYTOTOXICITY 

The studies on the mechanism involved in T and NK cell-mediated 
cytotoxicity have been recently reviewed by Young and Cohn (638) and 
by CarpCn and Saksela (639). In this review, therefore, these studies are 
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briefly summarized, and only those aspects particularly relevant to the 
understanding of NK cell biology are emphasized. 

Binding of NK cells to target cells occurs rapidly at both 4OC and 
37OC (640, 641) and requires Mg2+ but not Ca2+ (641-644). After 
binding to the target cells, the NK cell undergoes a series of events known 
as activation and programming of the target cell to lysis. These events 
are temperature dependent (optimal temperature, 37OC), Ca2 + depen- 
dent, and sensitive to Ca2+ channel blockers and calmodulin inhibitors 
(406, 643-648). As previously discussed, initiation of NK cell activa- 
tion might depend on an enhancement of phosphoinositide metabolism 
that is independent of extracellular Ca2+, and it is triggered by inter- 
action of CD16 FcyR with antibody-coated target cells or of other 
unknown NK cell membrane structures with NK cell-sensitive target cells. 
The formation of 1P3 and IP4 induces an increase in [Ca2+]i, first by 
release of Ca2+ from intracellular stores and then by the influx of 
extracellular Ca2 +, which is required for maintenance of increased 
levels. Chelation of extracellular Ca2+ probably prevents continuation 
of the lytic mechanism at this stage. An increase in CAMP has been shown 
to inhibit NK cell-mediated cytotoxicity; although inhibition of NK- 
target cell conjugates has been observed when cAMP levels in NK cells 
are increased (649), the major effect of increased cAMP is probably 
inhibition of the increased phosphoinositide metabolism (601, 604). 
Inhibition of NK cell activity by interaction with monomeric IgG is also 
primarily mediated by elevation of cAMP (650). Following the enhance- 
ment of phosphoinositide metabolism, activation of protein kinase C 
is probably involved in the cytotoxic mechanism, as indicated by inhibi- 
tion of cytotoxicity by specific inhibitors (602). 

The morphological analysis of NK-target cell interation showed broad 
cell to-cell adhesion of NK cells with the target cells, evidence of activa- 
tion and degranulation in the NK cells with membrane material of prob- 
able granule origin present in the space between the two cells (284, 651). 
NK cells are often deeply invaginated and in some cases have been 
observed within the cytoplasm of the target cells, in a vesicle completely 
surrounded by a membrane and without communication with the 
extracellular medium. This phenomenon is defined as emperipolesis 
(284, 652). 

Several observations indicate that the activation of lysis may require 
the release of fatty acids from the cell membrane. Exposure of PBLs 
to NK cell-sensitive target cells increases phospholipid methylation, and 
natural killing is reduced by the inhibition of methyltransferases as well 
as by inhibitors of phospholipase A2 (576, 653), although some caution 
should be exerted in interpreting the specificity of phospholipase A2 
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inhibitors (654). These findings suggest that metabolism of arachidonic 
acid is required for NK cell activity. However, inhibition of cyclooxygenase 
and prostaglandin synthesis does not affect NK cell activity, and various 
prostaglandins inhibit NK cell activity at binding and postbinding stages 
by increasing CAMP levels in the NK cells (655, 656). IFN and IL-2 
activation of NK cells reduces the sensitivity to inhibition by prostaglandin 
and CAMP-elevating agents (655, 657). Inhibition of lipooxygenase 
decreases NK cell cytotoxicity, suggesting a role for endogenous lipo- 
oxygenase metabolites (leukotrienes) in NK cell activity (654, 658, 659). 
Recently, it has been shown that specific inhibitors of leukotriene C4 
(LTc4) synthesis inhibit NK cell cytotoxicity and that addition of LTC4 
prevents the inhibition, suggesting an essential although unknown role 
of this arachidonic acid metabolite in cytotoxicity (659). 

The lymphocyte-dependent events in NK cell-mediated cytotoxicity 
are followed by cytolysis of the target cells during the killer cell- 
independent lysis (KCIL) (642). This latter phase requires neither Ca2+ 
nor Mg2+, but it is relatively sensitive to reduced temperature, prosta- 
glandin E2, heterologous anti-LGL antibody, and proteolytic enzymes 
(406, 642, 645). Recent studies have shown a rapid initial phase of 
Ca2+ -independent KCIL with a calculated half-life of less than 3 
minutes (660). This rapid phase, which is independent of temperature 
over the range 10-37OC, is followed by a very slow, Ca2+ -independent 
disintegration of additional target cells (660). This second slow phase 
is temperature dependent and probably mediated by soluble factors 
released into the supernatant during effector-target cell interaction in 
the presence of Ca2+ (660). 

Several morphological and metabolic inhibitor studies suggest that 
lysis is mediated by a vesicular secretory mechanism, involving polariza- 
tion of granules to the part of the effector cell in contact with the target, 
followed by discharge of the granular content (see Ref. 639 for a com- 
plete review of directed exocytosis). Drugs that block vesicular secretion 
in other cell types inhibit NK cell killing without affecting the ability 
of the effector cells to bind the target cells (661). Degranulating agents 
both deplete the granules from LGLs and inhibit killing (643). The pro- 
gramming phase has been shown to involve transfer of a protease-sensitive 
material from the effector cells to the target cells (662, 663). 

Wright and Bonavida (664-666) demonstrated that a soluble lytic 
factor is secreted by NK cells following lectin stimulation or NK-target 
cell interaction. This NK cell cytotoxic factor (NKCF) is lytic for NK 
cell-sensitive target cells, but not for most NK cell-resistant target cells 
(664, 665, 667). Detailed studies have shown that successful NK cell- 
mediated lysis requires that the target cells: (1) be recognized by NK cells, 
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allowing conjugate formation, (2) be able to induce release of NKCF 
(or other lytic mediators) from NK cells, and (3) be sensitive to the effect 
of the lytic mediators (573, 667). IFN-treated cells form conjugates with 
NK cells and are sensitive to NKCF but fail to induce release of the factor 
(573). These findings might explain the failure of IFN to protect target 
cells from ADCC mediated by NK cells (503): The interaction of the 
antibodies with FcyR on NK cells may induce release of lytic mediators, 
circumventing the step blocked by IFN treatment of the target cells. 

NKCF is probably composed of more than one cytotoxic factor, and 
different factors can be active on different target cells. When the U937 
cell line is used as a target for measuring NKCF activity, most of the 
activity is mediated by TNF, indicating that TNF is one component of 
NKCF and is produced by NK cells upon interaction with target cells 
(668, 669). When TNF-resistant cell lines such as K562 are used, the 
presence in NKCF of lytic factors different from TNF can be clearly 
demonstrated (669-672). However, these lytic molecules have not yet been 
purified, and molecular weights between 5,000 and 50,000 have been 
reported (668, 671, 672). A 50-kDa lytic molecule that cross-reacts with 
both TNF and lymphotoxin has been demonstrated in the granules and 
the cytoplasm of CTLs (673). Whether this lytic molecule is also present 
in NK cells and is related to NKCF remains to be determined. The 
characteristics of the lysis mediated by NKCF, especially the slow kinetics 
of lysis, make it unlikely that NKCF is the only mediator of lysis and 
participates in the rapid phase of disintegration of the target cells (660), 
although it is possible that faster kinetics of lysis is induced when high 
local concentrations of NKCF are reached in the contact area between 
effector and target cells. However, the slow second phase of target cell 
disintegration has been shown to be mediated by soluble factors pro- 
duced by NK cells in the supernatant fluid and probably is induced by 
the lytic effect of NKCF (660). 

Work from several laboratories has established that during NK cell- 
mediatede lysis tubular lesions with an average internal diameter of 
150-170 A are observed on the target cell membrane and that isolated 
granules are able to mediate the formation of similar lesions (reviewed 
in Ref. 638). The granule molecule able to form the pores is a 70-kDa 
protein called pore-forming protein (PFP), or perforin (638). PFP 
requires Ca2+ for pore formation in membranes and it is rapidly 
aggregated and inactivated by the presence of Ca2+ in the medium; 
thus, PFP cannot represent a lytic factor present in the supernatant fluid, 
such as NKCF. Both human and murine perforins cross-react with 
antibodies to the C9 component of complement, another molecule able 
to polymerize to form pore structures in membranes in the presence of 
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Zn2+ (638). Human PFP was cloned and the high homology with C9 
was confirmed by the nucleotide sequence (674). Whereas resting CTL 
precursor cells do not contain PFP and accumulate it only after stimula- 
tion, a low level of PFP can be isolated from the granules of human 
resting NK cells (675). NK cells are the only resting lymphocytes express- 
ing detectable amounts of PFP constitutively (675). 

It was initially reported that PFP isolated from freshly obtained human 
NK cells was able to form functional pores in liposome membranes but 
that it lacked efficient hemolytic activity, as measured on SRBCs 
(675, 676). It was also observed that NK cells are resistant to the lysis 
mediated by PFP, suggesting that they are protected from autolysis during 
cell-mediated cytotoxicity (677, 678). C9-mediated lysis is inefficient on 
homologous RBCs and nucleated target cells; therefore, lysis of autologous 
cells is probably prevented when complement is activated in vivo (678, 
679). This homologous restriction is mediated by a 65-kDa protein called 
homologous restriction factor (HRF), related to C8 and C9 and present 
on RBCs (679) and nucleated cells (678, 679). By complexing rapidly 
with attacking C8 and C9 molecules, HRF is thought to interrupt the 
C polymerization process that leads to channel formation, and it has 
also been shown, in high concentrations, to prevent lysis of RBCs by 
the C9-related PFP and by NK cells in ADCC (679). It was postulated 
that the resistance of NK cells and CTLs to PFP was mediated by mem- 
brane and granule-associated soluble HRF (679, 680). However, human 
PFP from NK cells shows a species preference (i.e., it is unable to lyse 
RBCs from sheep and other species) but not an homologous restriction 
(i,e,, it lyses human and mouse RBCs) (674, 678). These data explain 
the previously described lack of hemolytic activity of human PFP when 
tested on SRBCs, and exclude that the resistance of NK cells to PFP 
is mediated by HRF (674, 678). NK cells and CTLs, like other nucleated 
targets, are resistant to lysis by homologous but not heterologous com- 
plement; however, these cell types are resistant to both homologous and 
heterologous PFP (678). The resistance of NK cells to PFP is a property 
of resting NK cells and it is increased by stimulation with IL-2 (678). 
The mechanism of protection of cytotoxic cells against PFP is unknown 
and could be mediated by a protein with similar functional characteristics 
but distinct from HRF. 

The rapid phase of target cell lysis mediated by NK cells is consistent 
with the type of cytotoxic mechanism mediated by PFP, and PFP is always 
present in NK cells, both freshly obtained from peripheral blood or 
activated. However, PFP-mediated lysis is not a universal mechanism 
of cell-mediated lysis, and much controversy exists about whether it is 
the major mechanism of lysis, mediated by CTLs (681). In vitro grown, 
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IL-%-dependent CTLs have LGL morphology and contain PFP in their 
granules. However, highly efficient CTLs freshly obtained from allo- 
immunized animals do not have LGL morphology, do not contain detect- 
able PFP, and no channels are demonstrable on the lysed target cells 
(681). Also, CTLs can kill certain target cells in the absence of Ca2+ 
in the medium, contradicting the granule exocytosis model (682). Thus, 
these CTLs probably use a different mechanism of lysis, and it has been 
proposed that direct interaction between CTL receptors and target cell 
antigens may irreversibly damage target cell membranes, activating an 
endogenous mechanism of cell lysis (681). There is indeed a major dif- 
ference in the KCIL following NK cell or CTL interaction which has 
received little attention but may reflect fundamentally different 
mechanisms of lysis: If Ca2+ is chelated during lysis mediated by non- 
cultured CTLs, the release of 51Cr continues for 1-2 hours, showing a 
slow lysis of the programmed target cells (683), whereas in the case of 
ADCC (684) or spontaneous lysis mediated by NK cells (73) an almost 
immediate arrest of 51Cr release is observed upon chelation of Ca2+. 

The mechanism of cell-mediated lysis following channel insertion in 
the membrane is referred to as colloid osmosis (685). The lethal hit 
initiates with a progressive series of cytoplasmic convulsive movements 
in the target cells accompanied by nuclear and plasma membrane bleb- 
bing, termed zeiosis, which precedes an increase of transmembrane fluxes 
and loss of cytoplasmic contents (685). 

Russell (686) has proposed an alternative model of “internal disintegra- 
tion” to explain the mechanism of cell-mediated lysis, according to which 
lymphocytes trigger an autocatalytic cascade within the target, which 
results in nuclear membrane damage and DNA fragmentation. DNA 
fragmentation has also been demonstrated during NK cell-mediated lysis, 
although the kinetics is slower than that observed with CTLs, suggesting 
that in addition to cell-to-cell contact, a soluble factor such as NKCF 
is involved in inducing the intracellular damage (687). Human target 
cells present little or no DNA degradation when lysed by either human 
or murine cytotoxic cells (688, 689); because the difference in DNA 
degradation depends on the species of the target cells, not the effector 
cells, the degradation is probably due to activation of target cell 
endogenous endonucleases. 

Proteases have been implicated in the mechanism of cell-mediated 
lysis. ADCC (690) and spontaneous cytotoxicity (691, 692) mediated by 
NK cells have been shown to be inhibited by various synthetic and nat- 
urally occurring protease inhibitors, especially chymotrypsin-specific 
inhibitors. Protease inhibitors blocked NK cell-mediated lysis at or after 
the postbinding Ca2 + -requiring step (690). However, these original 
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observations were difficult to interpret because the studies were performed 
with intact cells, and the most effective protease inhibitors used, the single- 
amino acid chloromethylketones, also induced nonspecific alkylation. 

Human NK cells contain a urokinase-type plasminogen activator in 
vesicles that polarize during conjugate formation with target cells (693). 
Serine esterases 1 and 2 (or granzymes A and B), with no plasminogen 
activator activity, have been identified in murine CTLs (694); equivalent 
esterases have been cloned from human cells, and their mRNAs have 
been demonstrated on fresh peripheral blood NK cells (695-697). Serine 
esterases are secreted from lymphocytes stimulated by calcium ionophores 
or by interaction with target cells and might be involved in cytotoxicity 
(638, 694, 697). Using various protease inhibitors and measuring the 
ability to degrade serum amyloid A, Zucker-Franklin et al. (698) showed 
that NK cells, but not other PBLs, carry several enzymes with different 
substrate specificities, some of which may be involved in cytotoxicity. 

Hudig et al. (699) and Zunino et al. (700) analyzed the requirement 
for proteases in the lysis mediated by granules obtained from RNK-16 
cytotoxic rat lymphocytes. The chloromethylketone Z-Gly-Leu-Phe- 
CH&l and the irreversible mechanism-based inhibitors 7-amino-4- 
chloro-3-( 2-phenylethoxy)-isocoumarin and dichloroisocoumarin com- 
pletely blocked RNK-16 granule-mediated cytolysis, demonstrating a 
requirement for trypsin- and chymotrypsinlike proteases in the lysis 
mediated by the granules. Although the mechanism of action of the pro- 
teases is unknown, it is possible that lytic molecules, e.g., PFP, are present 
in the granules in an inactive form and that proteolysis is required for 
activation. A potential substrate could be an inhibitory PFP-binding 
protein similar to HRF (680). 

The granules of NK cells contain proteoglycans of the chondroitin 
sulfate A type which are released during cytotoxicity or activation by 
anti-CD2 antibodies (701-703). A role for proteoglycans in the mecha- 
nism of cytotoxicity or in the protection of effector cells has been pro- 
posed (701-703), although it was shown that a significant decrease of 
proteoglycan synthesis induced by culturing NK cells in @-D-xyloside 
neither decreased NK cell cytotoxic activity nor increased autolysis (704). 

D. REGULATION OF NK CELL CYTOTOXIC ACTIVITY 
AND PROLIFERATION 

Infection of mice with viruses, certain microorganisms, and their pro- 
ducts has'been shown to result in enhanced NK cell cytotoxicity (17, 705), 
and IFN, a potent NK cell activator, was found to be produced under 
most of the in vivo or in vitro conditions in which augmentation of NK 
cell activity has been observed (34, 80, 104, 591, 706). 
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IFN efficiently enhances the cytotoxic activity of NK cells (34, 591). 
This effect can be readily demonstrated and quantitated by preincubating 
lymphocytes in the presence of IFN and then testing their cytotoxic ability 
against target cells unable to induce IFN production (34). All three known 
types of IFN, fibroblast (p), different species of leukocyte type I (a), 
and leukocyte type I1 or immune (y) are able to enhance human NK 
cell cytotoxicity (272, 408, 707). However, IFN-y is not effective with 
cells from all donors and always enhances NK cell cytotoxicity at a lower 
extent and with a slower kinetics than does IFN-a or IFN-P (708-711). 
Human NK cells, as well as other lymphocytes, express high affinity recep- 
tors for IFN-(r/P and IFN-y (712). IFN treatment of NK cells induces 
2 ',5 '-oligoadenylate (2 ',5 'A) synthetase and, under appropriate experi- 
mental conditions, 2 ',5 'A augments NK cell cytotoxicity, suggesting that, 
as in the case of IFN antiviral activity, the pathway of IFN-mediated 
augmentation of NK cell cytotoxicity may involve 2',5'A (713, 714). 
However, although most species of recombinant IFN-a enhance NK cell 
cytotoxicity, recombinant IFN-a J, with potent antiviral and antiprolifera- 
tive activity, fails to do so (715). IFN-a J binds to the same receptors 
as the other IFN-a and blocks the NK cell-activating effect of the other 
species of IFN-a (716). These results indicate possible differences in the 
mechanisms of action of IFN in inducing antiviral activity or augment- 
ing NK cell cytotoxicity. 

In addition to IFN and IFN-inducing cells (such as virus- or 
mycoplasma-infected cells), other IFN inducers, such as viruses and 
polyinosinic-polycytidylic acid (poly I:C), also enhance NK cell activity 
by inducing IFN production by cells present in the cell preparations 
used as a source of NK cells (34, 591). The IFN-dependent enhance- 
ment of the cytotoxic activity of NK cells is very rapid and requires 
de novo protein synthesis but not cell proliferation (34). Although NK 
cells show increased cytotoxic activity after IFN treatment, they do not 
show a pattern of target cell specificity different from that of untreated 
ones. However, they can very efficiently kill target cells that are not very 
sensitive to the killing by untreated NK cells (34). The increase in killing 
ability as a result of IFN stimulation is proportionally greater against 
these less susceptible target cells than against very susceptible target cells: 
the number of cells lysed increases up to 20-fold in the former situa- 
tion, whereas that of cells lysed when the NK-susceptible cell line K562 
is used, for example, increases only 1.5- to twofold (591). IFN-treated 
NK cells are also able to lyse fresh tumor target cells, which are relatively 
resistant to lysis by nonstimulated NK cells (717). IFNs stimulate the 
cytotoxic activity of NK cells only and do not endow T or B cells with 
non-MHC-restricted cytotoxic activity (95, 272). 
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IFNs have been shown to affect NK cell cytotoxicity through at least 
three different mechanisms: (1) by increasing both the number of NK 
cells able to bind to their targets and the proportion of cytotoxic cells 
within the NK cell population (59, 95, 502, 718-721), (2) by accelerating 
the kinetics of lysis (720, 721), and (3) by increasing the recycling ability 
of active NK cells (76, 502). 

The major changes in NK cell morphology after IFN treatment are 
observed in the structure of the granules. Cytoplasmic granules con- 
taining an electron-dense matrix or FTA become virtually undetectable 
and are replaced by large vesicular structures with, often, a residual 
electron-dense matrix surrounded by aggregates of round vesicles or mem- 
branous myelin figures (281). 

The effect of IFN on the ability of NK cells to mediate ADCC is more 
controversial (34, 591, 722-725). In many of the reports that claim 
enhanced NK cell ADCC activity, the researchers have disregarded the 
confounding effect of (1) increased spontaneous (antibody- independent) 
background killing of the target cells mediated by NK cells and (2) the 
possibility that the high concentrations of antibodies used to sensitize 
the target cells trigger both monocyte and NK cell cytotoxicity. However, 
experimental conditions have been reported that rigorously demonstrated 
an enhancing effect, although modest, of IFN on NK cell ADCC activity 
(724). Spontaneous cytotoxicity and ADCC are two functions mediated 
by the same NK cell type. These functions may depend on discrete 
mechanisms of target cell recognition that activate the same or two dif- 
ferent lytic processes. Although the differential effect of IFN on spon- 
taneous cytotoxicity and ADCC might be considered evidence for separate 
mechanisms, it is more likely that the enhancing effect of IFN on ADCC 
activity of NK cells is difficult to demonstrate because the interaction 
of IgG on target cells with CD16 FcR on NK cells determines optimal 
stimulation of NK cells and maximal killing that cannot be further 
increased by IFN. The inefficiency of IFN in enhancing ADCC activity 
is therefore analogous to its inefficiency in enhancing the lysis of target 
cells very sensitive to NK cell-mediated lysis, as discussed above. In 
support of this interpretation, it was reported that the enhancing effect 
of IFN on ADCC activity of NK cells is observed only when suboptimal 
concentrations of antibodies are used (726, 727). 
In mvo IFN treatment of patients determined in most cases an increase 

in NK cell activity that is, however, often transient and in some cases 
followed by depression (728-733). IFNs in mlro do not induce NK cell 
proliferation, but in avo, in the mouse, IFNs were shown to induce blast 
formation, DNA synthesis, and probably proliferation of NK cells (734). 
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Suppressor cells have been described by several investigators in the 
murine system and appear to be responsible for the depressed NK cell 
activity observed in animals treated with IFN (735) or with carrageenan 
(736). Murine suppressor cells for NK cell activity have been shown to 
be both macrophages (735-740) and T cells (741, 742). Prostaglandins 
(PGs), which inhibit spontaneous cytotoxicity in vitro, are probably the 
soluble mediators of the suppression mediated by macrophages (743). 
In humans normal granulocytes (104) and, to a lesser extent, peripheral 
blood monocytes (104, 744, 745) have suppressor activity on NK cells. 
Tumor-associated lymphocytes and macrophages from patients with dif- 
ferent types of malignancies have been found to inhibit NK cell cytotox- 
icity (746-750). Indomethacin, in some cases, reverses the inhibition, 
suggesting that PGs are also involved in the suppressive effect mediated 
by human macrophages (748, 751). PGs of the E series suppress human 
NK cell activity (751-754); however, IFN treatment of NK cells decreases 
their sensitivity to this suppressive effect (755). Activation of human lym- 
phocytes in culture induces the generation of suppressor cells for NK 
cell activity (756, 757). In one study these suppressor cells were iden- 
tified as HNK-I+, FcpR+ but FcyR-, CD16- non-T cells (756). On the 
basis of this phenotype, it was suggested that NK cells themselves can 
function as immunoregulators, controlling their own cytotoxic activity. 
Suppressor cells for NK cell activity have also been found in normal 
human cord blood (341); these suppressor cells are probably in part 
responsible for the reduced NK cell activity mediated by human cord 
blood lymphocytes, notwithstanding a normal proportion of both LGLs 
(341) and CD16+ cells (95). The cord blood suppressor cells have been 
identified as medium-sized CD3+, FcyR+ T cells. IFN treatment of 
these cells abolishes their suppressive activity (341). 

TGF-0 and platelet-derived growth factor have inhibitory effects on 
NK cell-mediated cytotoxicity (758, 759). TGF-0 prevents the enhance- 
ment of NK cell cytotoxicity induced by IFN, but not that induced by 

T cell growth factor or IL-2 is a potent enhancer of NK cell activity 
in Vitro and in vivo (708, 760-764). The optimal doses of IL-2 able to 
enhance NK cell-mediated cytotoxicity are 100- to 1000-fold higher than 
those required for maintaining proliferation of activated T lymphocytes, 
and antibodies against the p55 chain (TAC or CD25 antigen) of the IL-2 
receptor are unable to prevent NK cell enhancement of cell cytotoxicity 
(708, 763). These data suggested the existence on NK cells of an IL-2 
receptor different from the high-affinity IL-2 receptor associated with 
the TAC antigen and became interpretable when it was discovered that 

IL-2 (758). 



258 GIORGIO TRINCHIERI 

the high-affinity IL-2 receptor is composed of the p55 chain (TAC 
antigen) and a second p70 chain (765). Resting NK cells express higher 
levels of the p70 chain than do other lymphocytes (766). The p70 chain, 
when not associated with the p55 chain, binds IL-2 with an affinity 
approximately one hundredth that of the complete receptor and is 
responsible for the response of resting NK cells to IL-2 (766, 767). The 
same high concentrations of IL-2 induce a modest production of IFN-y 
from resting NK cells (708). It was originally reported that the enhance- 
ment of NK cell cytotoxicity by IL-2 was mediated by endogenously pro- 
duced IFN-y (761, 763). However, the use of impure anti-IFN-y antibody 
preparations was shown to be responsible for some of the results originally 
reported (768), and there is now general agreement that the effect of 
IL-2 is direct and not mediated by IFN-y, because (1) anti-IFN-y 
monoclonal antibodies do not prevent the enhancement of NK cell 
cytotoxicity mediated by IL-2 (708, 768-770), (2) the enhancement of 
cytotoxicity mediated by IL-2 precedes by several hours the appearance 
of detectable IFN-y in the supernatant fluids (708, 770), and (3) the 
production of IFN-y by NK cells requires the participation of class I1 
MHC-positive accessory cells, whereas the enhancement of cytotoxicity 
is independent of accessory cells. The morphological aspect of IL-2- 
activated NK cells is different from that of IFN-activated NK cells: The 
morphology of the IL-2-activated cells is altered, with expansion of the 
Golgi apparatus and increase in the number of electron-dense granules 
and vesicles; the granules, however, do not show the deaggregation of 
the electron-dense matrix observed in IFN-treated NK cells (281). IFN 
and IL-2 synergize in their enhancing effect on NK cell cytotoxicity (770, 
771). Short-term treatment with IL-2 (up to 24 hours) enhances the 
cytotoxicity of purified CD3-, CD16+ NK cells and does not endow 
freshly obtained CD3+ cells with non-MHC-restricted cytotoxicity when 
tested against NK cell-sensitive or -resistant target cells (156, 708). 

The enhancement of cytotoxic activity of NK cells is demonstrable 
after 3-6 hours of incubation and does not require proliferation (708). 
Incubation of PBLs with IL-2 in the absence of other stimuli, however, 
induces moderate cellular proliferation after 3-4 days of incubation (708). 
Analysis of the proliferating cells by autoradiography after treatment 
of PBLs with IL-2 has shown that a proportion of both NK and T cells 
is induced into the cell cycle (708). However, limiting dilution experiments 
(93, 772) and colchicine blockage experiments (93) showed that the 
majority of mature peripheral blood NK cells can be induced into the 
cell cycle by IL-2 alone, whereas only a minor proportion of low-density 
T cells is induced to proliferate. The effect of endogenously produced 
IFN-y on the IL-2-induced proliferation of NK cells is controversial, 
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but inhibition of proliferation by anti-IFN-y antibodies was shown in 
cultures of both human (773) and murine (774) NK cells. Induction of 
proliferation of N K  cells requires the same high concentrations of IL-2 
as the enhancement of cytotoxic activity or production of IFN-7 and 
does not depend on expression of the TAC antigen on NK cells (93). 
It is therefore likely that induction of proliferation is also mediated 
through the p70 chain of IL-2 receptor, with intermediate affinity for 
IL-2. However, IL-2 induces expression of TAC (CD25) antigen on 
purified NK cells after 2-4 days of culture (191) and anti-TAC antibodies 
suppress proliferation (93), suggesting that expression of the high-affinity 
IL-2 receptor is required for maintenance of proliferation. In addition 
to TAC (CD25) antigen, other activation antigens such as TfR, CD38, 
and class I1 MHC antigens become strongly expressed on proliferating 
NK cells (191). When NK cells revert to a resting state, cell surface expres- 
sion of CD25, CD38, and TfR decreases or ceases, whereas NK cells 
remain class I1 MHC positive (100). Recently, cell surface expression 
Leu-23, an antigen present as a 60-kDa heterodimer composed of two 
chains of 32 and 28 kDa, has been shown to be induced and 
phosphorylated on the large majority of NK cells after a few hours of 
stimulation with IL-2 (775), confirming that the majority of resting NK 
cells respond to I L- 2. 

Culture of PBLs with IL-2 for a few days induces the generation of 
non-MHC-restricted cytotoxic cells, termed LAK cells, that are able to 
efficiently lyse NK cell-resistant target cells, including fresh tumor cells 
(776-778). Infusion of autologous in vilro generated LAK cells in patients, 
together with recombinant IL-2, has resulted in at least partial regres- 
sion of solid tumors in a low but significant proportion of patients (27). 
Although LAK cells have been originally described as CD3+ cytotoxic 
cells originated from CD3- precursors (777), studies from many groups 
have clearly shown that most of the cytotoxicity mediated by LAK cells 
is due to IL-2-activated CD3- NK cells, although a minor component 
could be due to non-MHC-restricted cytotoxic CD3+ T cells (156, 708, 
764, 779-781). The cytotoxic cells present in the peripheral blood of 
patients receiving IL-2 have also been shown to be mostly or exclusively 
CD3- NK cells (764). The identification of NK cells as the major 
mediators of LAK cell cytotoxic activity, as measured by in uitro assays, 
does not, however, provide information on the cell type responsible for 
tumor regression in vivo in patients treated with unfractionated, 
IL-2-treated PBLs, composed, in large proportion, of T cells. The defini- 
tion of LAK cells does not identify a single or novel cell type, but rather 
identifies a phenomenon, i.e., the ability of IL-2 to enhance the cytotox- 
icity of NK cells and to endow certain T cells with non-MHC-restricted 
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cytotoxic ability. The analysis of the LAK cell phenomenon has generated 
little original information on the biology of NK cells, and its descrip- 
tion is beyond the scope of the present review. 

The LAK cell phenomenon appears in part to be similar to the genera- 
tion of “anomalous” killer cells in mixed-lymphocyte cultures (782-786), 
although it remains unclear, in this latter system, whether the progenitor 
cells are NK cells, T cells, or both (784, 785). 

NK cells, but not T cells, have been shown to be capable of 
chemokinesis and chemotaxis when exposed to C5a, N-formyl-methionyl- 
leucyl-phenylalanine, and casein (787, 788), suggesting that NK cells 
have receptors for these typical stimulants of PMNs and monocytes. IFN 
and IL-2 increase the locomotor ability of NK cells, without increasing 
their ability to respond to chemoattractants (789). The migration of NK 
cells can be demonstrated by using nitrocellulose filters, but not polycar- 
bonate filters, which require the migrating cells to behave as adherent 
cells (790). Treatment of NK cells with phorbol diesten, however, activates 
NK cells, enhancing their cytotoxic ability (133, 791) and making them 
able to adhere to various substrates (792). Phorbol diester-activated NK 
cells migrate through polycarbonate filters as adherent cells (791). These 
data, together with the ability of IL-2 to induce adherence of NK cells, 
but not T cells, to endothelial cells (793, 794), suggest that the change 
of adherence capability and migratory behavior of NK cells following 
activation may be determinant to induce activated NK cells to adhere 
to vascular lining and localize in tissues. 

The ability of IL-2-activated NK cells to adhere to plastic has been 
utilized for obtaining enriched preparations of activated NK cells in both 
humans and experimental animals (795, 796). PBLs or spleen cells are 
cultured for 24 hours in the presence of high doses of IL-2, then the 
nonadherent cells are further cultured in the presence of IL-2; after 14 
days of culture a several hundredfold proliferation of the adherent cells 
is observed and the majority of the collected cells have the phenotype 
of NK cells with potent cytotoxic activity (795, 796). This method has 
been proposed as a relatively simple technique to obtain activated NK 
effector cells for antitumor adoptive immunotherapy (796). 

Irradiated B lymphoblastoid cell lines, in the presence of a source 
of IL-2, augment proliferation of mature NK cells, enhance NK cell 
clonal efficiency, and facilitate the growth of IL-2-dependent NK cell 
clones (93, 99, 191, 797). Although the exact mechanism of action of 
the cell line is unknown, it has been shown that they do not increase 
the frequency of NK cells entering the cell cycle in response to IL-2, 
but rather facilitate the continuous proliferation of the NK cells (93). 
During culture of total PBLs with irradiated B lymphoblastoid cell lines, 
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cell surface activation antigens are rapidly induced (100, 192). NK target 
cell structures present on the cell lines used as a stimulator may play 
a direct role in inducing NK cell activation because the MHC-negative, 
NK-sensitive K562 cell line has been reported to induce proliferation 
of NK cells but not T cells (798). 

Certain irradiated B lymphoblastoid cell lines, such as Daudi and 
RPMI 8866 cells, but not various T or myeloid cell lines induce preferen- 
tial proliferation of CD16+, NKH-1+, CD3- human NK cells when 
cocultured with total PBLs (100). After 10 days of cultures, an average 
fourfold increase in total cell number is observed, with NK cells represent- 
ing between 50 and 90% of the total cells recovered (100). NK cells can 
be easily purified from these cultures. This represents a technically simple 
method for obtaining large quantities of pure NK cells without the need 
of adding IL-2 to the culture and has been instrumental in obtaining 
large numbers of human NK cells for molecular and biochemical studies 
(78, 637, 675, 799). The preferential NK cell proliferation is not observed 
when PBLs are stimulated by irradiated allogeneic PBLs in a classical 
mixed-lymphocyte culture or when PBLs are cultured in the pressnce 
of IL-2 alone (100). NK cell proliferation occurs in the absence of 
exogenously added IL-2, but is blocked by anti-IL-2 antibodies and 
requires the presence of CD4+ T cells in the starting PBL preparation, 
suggesting that the CD4+ T cells stimulated by the allogeneic lym- 
phoblastoid cell lines produce IL-2 that, together with irradiated cell 
line, induce the preferential proliferation of NK cells (100). An alter- 
native, or additional, interpretation may be suggested by the observa- 
tion (492, 493) that mitomycin C-treated autologous T cell blasts are 
able to induce generation of NK-like cells from CD3- small-lymphocyte 
precursors. It is possible that CD4+ blasts, generated by allogeneic 
stimulation with the irradiated B cell lines, similarly induce prolifera- 
tioddifferentiation of NK cells and/or NK precursor cells. 

Mitogenic lectins are unable to induce proliferation of purified human 
NK cells (191), although they can enhance phosphoinositide turnover 
and increase [Ca2+]; in both NK and T cells (M. Cassatella, personal 
communication). The inefficiency of NK cells to produce growth factor 
such as IL-2 might be responsible for the failure of lectins to induce 
NK cell proliferation. Phorbol diesters and calcium ionophores together 
have been shown to induce proliferation of Percoll-enriched prepara- 
tions of NK cells (800); however, using the same stimuli, we (L. London 
and G. Trinchieri, unpublished observations) have been unable to obtain 
proliferation of NK cells purified by positive selection of CD16+ cells, 
raising the possibility that contaminant accessory or suppressor cells may 
regulate NK cell proliferation in these experimental conditions. 
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The effect of IL-4 on NK cell cytotoxicity and proliferation is con- 
troversial, with opposite results reported with human and murine NK 
cells. IL-4 has no effect on the cytotoxic ability of human resting NK 
cells, but it inhibits in a dose-dependent manner the IL-2-induced 
cytolytic activation of NK cells, but not the IFN-induced activation (801, 
802). IL-4 acts directly on purified NK cells and does not require 
accessory cells (802). In the murine system, however, IL-4 alone was shown 
to induce non-MHC-restricted cytotoxic cells against fresh tumor cells 
and to augment the effect of IL-2 on the generation of cytotoxic cells 
(803, 804), although, unlike IL-2-induced cytotoxic cells, T cells, not 
NK cells, represent the major component of the IL-4-induced cytotoxic 
cells (804). Indeed, IL-4 was shown to have a modest effect, if any, on 
the cytotoxicity and proliferation of purified murine NK cells or on spleen 
cells from scid mice, lacking T cells (229). 

The possible effect of IL-1 on NK cell cytotoxicity and activation has 
not been extensively studied. IL-1 does not affect directly the cytotox- 
icity of NK cells, but might act synergistically with IL-2 or IFN in enhanc- 
ing cytotoxicity of NK cells against certain tumor cells (805). This effect 
of IL-1 is possibly dependent on the ability of IL-1 to induce CD25 (p55 
chain of IL-2 receptor) antigen on a proportion of human NK cells (806). 
The cytotoxicity of human NK cells is enhanced by treatment with high 
doses of TNF (807). TNF also acts synergistically with IL-2 in enhanc- 
ing the cytotoxicity of human NK cells (807) and inducing generation 
of non-MHC-restricted cytotoxic cells (808). 

E. PRODUCTION OF LYMPHOKINES BY NK CELLS 

NK cells have been described to be able to produce a large number 
of lymphokines. However, in many early studies contaminant cell types 
were present in the enriched NK cell preparation, and definitive iden- 
tification of NK cells as the lymphokine producer cells was not provided. 

Various factors and other substances might be preformed in the 
granules of NK cells and be secreted during interaction of NK cells with 
target cells or immune complexes. NKCF, PFP, esterases, proteoglycans, 
and various enzymes are included in this group of substances. A series 
of three probably distinct factors with activity on macrophages and other 
cell types have been found to be associated with cytoplasmic granules, 
obtained from both human NK cells and rat LGL leukemia RNK cells, 
and are released upon interaction with target cells or treatment with 
substances inducing degranulation such as Sr2 + (809-811). 

Activation of intracellular microbicidal activity in rat and human 
alveolar macrophages was shown to be mediated by one of these 



BIOLOGY OF NATURAL KILLER CELLS 263 

preformed NK cell cytokines, a protein of 10-20 kDa, heat and pH labile 
(809). Another NK granule-associated factor, released during granule 
secretion, was a leukocyte chemotactic factor inducing chemokinesis and 
chemotaxis of LGLs, neutrophils, and macrophages (810). A third factor, 
NK cell granule-macrophage activating factor, is a small protein (less 
than 10 kDa), heat stable and able to activate the tumoridical activity 
of bone marrow-derived macrophages in the presence of lipopolysac- 
charide (811). The optimal release of these factors from the granules 
requires ionic solubilization in 2 M NaCl, suggesting that they are tightly 
bound to an internal granule matrix. Because these factors are released 
in active form during degranulation, physiological mechanisms 
equivalent to this ionic solubilization should take place, and granule 
proteases may act to digest an internal matrix to liberate some molecules 
stored in an inactive form (810, 811). The granule-associated factors with 
activity on phagocytic cells might play role in the effect of NK cells in Vivo 
against bacterial infections, as discussed in Section IX. 

Factor(s) present in the supernatant fluid of NK cells activated by 
interaction with target cells stimulate a strong luminol-dependent 
chemiluminescence (CL) response in monocytes (812). This activation 
of CL in monocytes mediated by NK cells was found to be responsible 
for the CL response attributed directly to NK cells in previous studies 
(813, 814). The CL response described in NK cells after interaction with 
target cells was shown to be due to the presence of few contaminant 
monocytes stimulated by NK cells or NK products (812). NK cells are 
incapable of oxidative burst and do not produce superoxide anion during 
interaction with target cells (812, 815-817). NK cell cytotoxic activity 
does not require oxygen-dependent mechanisms, as shown by intact NK 
cell cytotoxic activity in chronic granulomatous disease patients (818). 
Because several hydroxyl radical (OH) scavengers inhibit cytotoxicity, 
it was proposed that OH is critical for NK cell cytotoxicity (815, 819, 
2186). Because NK cells do not have NADPH oxidase acrivity, as was 
also confirmed by the impossibility to demonstrate in purified NK cells 
mRNA for the heavy chain of cytochrome b245, an integral part of the 
NADPH oxidase system (M. Cassatella and G. Trinchieri, unpublished 
observations), it was hypothesized that OH scavengers are formed by 
the lipooxygenase pathway of arachidonic acid metabolism (819). 
However, the observations that OH scavengers inhibit NK cell cytotox- 
icity only when used at concentrations higher than those required to 
inhibit CL in monocytes (816) and that electron spin resonance spec- 
troscopy does not reveal OH radical production in activated NK cells 
(820) strongly argue against the hypothesis that OH radical production 
plays a role in the early event of NK cell activation. 
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The possibility that NK cells might be able to secrete factors with NK- 
enhancing activity, such as IFN and IL-2, and thus be capable of self- 
regulation has generated much interest (34, 79, 821). In the early studies 
of NK cell cytotoxicity against cell lines able to induce IFN-a produc- 
tion, e.g., virus-infected target cells, it was not possible with the reagents 
available to unambiguously distinguish between NK cells and IFN-a- 
producing cells, although the fact that IFN-a-producing cells were all 
E-rosette negative-whereas about 50% of NK cell cytotoxic activity was 
recovered in the E-rosette-positive cell fraction - excluded a complete 
identity between the two cell types (34, 569, 706, 822). Several reports 
have, however, subsequently appeared, suggesting that the major IFN-a 
producer cells in peripheral blood were NK cells, based on results showing 
that the cells were found in the light-density fractions of a Percoll gra- 
dient and that they adhered to NK target cells (821, 823-826). Recently, 
however, several groups have shown that the IFN-a-producing cells in 
response to viruses, virus-infected cells, and other stimuli are HLA-DR+ 
nonadherent cells, distinct from monocytes, dendritic cells, or T, B, or 
NK cells (92, 510, 827-829). Resting NK cells have null or very low ability 
to produce IFN-a (92, 510). The role of this IFN-a-producing cell type 
in the cytotoxicity of NK cells against virus-infected target cells will be 
discussed in Section IX. 

NK cells are powerful producers of IFN-y when stimulated with IL-2 
(78, 708, 763, 830). The IFN-y induced in total PBL preparations by 
IL-2 treatment is produced predominantly by NK cells and in part by 
T cells (708, 830). The production of IFN-y by resting NK cells, as well 
as by resting T cells, requires, however, the participation of HLA-DRf 
accessory cells, with a mechanism still unclear (831). Because the majority 
of NK calls are rapidly induced by IL-2 to produce IFN-y, it is likely 
that in vivo during an immune response the few antigen-specific T cells 
that may respond to antigen with production of IL-2 secondarily recruit 
NK cells as the major producers of IFN-y; the role of NK cell-produced 
IFN-y in B cell response is discussed in Section X. 

The ability of NK cells to produce IL-2 is controversial. Although 
NK cell preparations have been reported to produce IL-2 (824, 832), 
the phenotype of the IL-2-producing cells was ambiguous and never cor- 
responded to that of the majority of NK cells (824). IL-2 production 
has never been conclusively demonstrated using highly purified prepara- 
tions of NK cells and the bulk of evidence, showing that NK cells cannot 
be induced to proliferate by a variety of mitogenic stimuli in the absence 
of IL-2-producing cells or an exogenous source of IL-2, suggests that 
NK cells are unable to produce IL-2 or are very poor producers. A com- 
parison of T and NK cell clones, showing non-MHC-restricted cytotoxic 
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activity, showed that the majority of the T cell clones produced high 
levels of IL-2, whereas only two of 11 NK cell clones produced small 
levels of IL-2 (833). 

NK cells have been shown to produce B cell growth factors (834, 835) 
and various types of colony-stimulating factors, as discussed in detail 
in Section VIII. During the study of the effect of human NK cells on 
bone marrow colony formation, it was found that NK cells, when cultured 
with bone marrow cells or NK-sensitive target cells, release low levels 
of TNF (668). This result was surprising because TNF was considered 
a macrophage product, but production of TNF by both NK and T lym- 
phocytes was subsequently confirmed at both the protein (78, 260, 836, 
837) and molecular (78, 260) levels. 

Recently, study of the ability of human NK cells to produce various 
lymphokines was facilitated by the ability to obtain large numbers of 
highly purified NK cells from the cultures of PBLs and irradiated lym- 
phoblastoid cell lines (100) and by the specific stimulation of NK cells 
through CD16 FcR ligands, i.e., Sepharose linked anti-CD16 antibodies 
or immune complexes (IgG antibody-coated RBCs or target cells) (78). 
Cross-linking of CD16 FcR or IL-2 treatment of highly purified NK cells 
induces low levels of IFN-y and TNF production; the two stimuli, 
however, strongly synergize and high levels of both cytokines are released 
when NK cells are stimulated by the two stimuli together (78). Both 
stimuli induce transcription of the lymphokine genes and accumula- 
tion of mRNA transcripts in the cytoplasm; however, the synergistic effect 
of the two stimuli is observed at the mRNA accumulation level but not 
at the transcription level, suggesting that both stimuli induce lympho- 
kine expression by acting at the transcriptional level, but that the 
synergistic effect is mostly posttranscriptional (78). The induction of 
transcription of lymphokine genes by CD16 ligands or IL-2 takes place 
in less than 20 minutes and mRNA accumulation does not require protein 
synthesis, suggesting a direct effect without other de novo produced pro- 
teins acting as intermediate messengers (78). CD16 ligands but not IL-2 
induce phosphoinositide turnover and an increase of [Ca2+]i, originated 
from intracellular stores and from extracellular Ca2+ (637). The 
accumulation of mRNA and the induction of transcription by CD16 
ligands but not by IL-2 require extracellular Ca2: indicating the impor- 
tance of the increased [Ca2+]i in the induction of transcription by CD16 
ligands and the different signal transduction mechanisms used by the 
two stimuli (637). 

Stimulation of purified NK cells with CD16 ligands and IL-2 induces 
high levels of mRNA accumulation and release of IFN-y, TNF, GM-CSF, 
and CSF-1 (78, 799). Nonspecific stimulation with phorbol diesters and 
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calcium ionophore induces IFN-7, TNF, GM-CSF, and IL-3 (799). In 
neither case was accumulation of transcripts for G-CSF, IL-la, or IL-16 
observed (799). The lack of detection of IL-la or 6 mRNA was surpris- 
ing, because previous studies have shown that NK cells are powerful pro- 
ducers of IL-1 in response to endotoxin (838, 839). However, NK cells, 
unlike monocyte/macrophages, are not stimulated to produce TNF by 
endotoxin (799), and it is possible that the IL-1 production in the NK cell 
preparation previously reported was due to contamination with a small 
number of monocytes, activated by NK cells as shown for the CL response, 
or that the IL-1 activity reported was due to a cytokine different from 
IL-la or IL-16. 

VI. Interaction between NK Cells and the Central Nervous System 

Bidirectional communication between the immune and central nervous 
systems provides the opportunity for coordinate mobilization of the 
specialized capacities of each system to sense and respond to environmen- 
tal and autologous challenges (804). The study of neuroimmunology has 
been focused mostly on the neuroanatomy of lymphoid organs and shared 
or interdependent biochemical, functional, developmental characteristics 
of the two systems, with only limited emphasis on the effect of behavior 
on neuroimmunological communication (840). The NK cell system has 
been shown in many studies to be profoundly affected by neuro- 
immunological interactions, although the mechanisms of these inter- 
actions and their physiological significance are still unclear. 

Several antigens present on NK cells are also expressed on cells of the 
central nervous system. The distributions of the HNK-l/Leu-7 and 
NKH-l/Leu-19 antigens in nervous tissues have already been discussed. 
In addition, the Thy-1 antigen is present on both murine T and NK cells 
and neurons. 

The control of NK cell activity by the central nervous system is sug- 
gested by a decrease in NK cell activity in mvo following electrolytic lesions 
of the hypothalamus. Lesions in the anterior hypothalamus in the rat 
(841) and the median region of the hypothalamus in the mouse (842) 
were effective in inducing a decrease in NK cell activity lasting 1-2 weeks. 

A series of clinical and experimental observations associates behavioral 
depression and stress with suppression of NK cell activity. A clinical syn- 
drome characterized by general symptoms of remittent fever and per- 
sistent uncomfortable fatigue, often with severe depression, has been 
significantly associated with decreased NK cell activity in peripheral 
blood (843, 844). This syndrome has been called chronic fatigue 
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syndrome, low NK cell syndrome, or chronic active EBV infection, 
although many patients have a negative or normal anti-EBV titer. In 
many patients the CD16+, CD3-, NKH-l/Leu-19+ NK cell subset is 
significantly reduced, whereas the CD3+, NKH-l/Leu-l9+ one is present 
in normal proportions ( - 3 %) and is responsible for most of the low 
NK cell cytotoxic activity mediated by the PBLs of these patients (844). 

NK cell cytotoxicity was found to be significantly lower in a group 
of hospitalized depressed men than in matched controls (845). In patients 
with breast cancer, the level of NK cell activity was associated with various 
pathological parameters, such as nodal status; however, more than half 
of the baseline NK cell activity variance could be accounted for by factors 
such as patient adjustment, lack of social support, and fatigue/depres- 
sion symptoms (846). NK cell activity is reduced in women undergoing 
conjugal bereavement (847, 848). Bereaved women showed reduced 
NK cell activity and increased plasma cortisol levels as compared to con- 
trols; however, anticipatory bereaved women also showed significantly 
reduced NK cell activity, although levels of plasma cortisol were com- 
parable to those of controls; thus, the reduction of NK cell activity could 
not be explained on the basis of increased cortisol secretion (848). The 
importance of depression associated with commonplace stressful events 
was shown by a study of medical students during academic examina- 
tions: PBLs from blood samples collected at the time of the examina- 
tion produced significantly less IFN and mediated significantly lower 
NK cell cytotoxicity than did PBLs from samples taken 6 weeks earlier 
(849). That the depression symptoms are more important than the 
stressful event per se in determining NK cell activity was shown in a 
study of 114 healthy undergraduate volunteers undergoing life change 
stress (850). The group of students reacting to the stress with psychiatric 
symptoms of depression (poor copers) had significantly lower NK cell 
activity than the group without symptoms (good copers) (850). 

A clinically relevant cause of NK cell depression is surgical stress. A 
significant reduction of NK cell activity persists for 1-2 weeks after 
surgical operation (851-853). Studies in animal models showed that the 
surgical procedure and not the anesthesia was the cause of the NK cell 
suppression (853). Suppressor cells for NK cell activity after surgical stress 
have been demonstrated in both humans and mice (851, 853). The 
depressed NK cell activity after surgery could facilitate tumor metastasis 
spread (853). 

In experimental animals depressed NK cell activity was observed in 
old rats subjected to isolation stress (854) and in mice subjected to 
restraint stress (855) or to rotation-induced stress (856). Transportation 
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stress in mice was sufficient to induce a significant decrease in NK cell 
activity lasting 24 hours and correlating with an increased plasma 
corticosterone level (857). 

To test the hypothesis that opioid peptides released upon stress mediate 
the effect of the stress on the immune system, Shavit et al. (858-860) 
investigated the effect on NK cells of two types of inescapable foot-shock 
stress: (1) applied intermittently, causing analgesia that appears to be 
mediated by opioid peptides and learned helplessness, considered to be 
a model for human psychological depression and (2) applied con- 
tinuously, inducing equally potent analgesia not involving opioids. The 
opioid but not the nonopioid form of stress suppresses the cytotoxic 
activity of NK cells in rats. The decrease in NK cell cytotoxicity by opioid 
stress is blocked by the opioid receptor antagonist naltrexone and is mim- 
icked by systemic administration of morphine (858, 860). Morphine 
injected into the lateral ventricle of the brain suppresses NK cell activity 
to the same degree as a systemic dose three orders of magnitude higher, 
and this effect is also blocked by naltrexone (861). NK cell activity was 
unaffected by a morphine analog that does not cross the blood-brain 
barrier (861). These data implicate brain opiate receptors in the 
morphine-induced suppression of NK cell cytotoxicity. Morphine induces 
tolerance, i.e., repeated injections of morphine no longer result in sup- 
pression of NK cell activity, whereas foot-shock stress does not induce 
tolerance and is not prevented by the morphine-induced tolerance (859). 
The lack of tolerance and cross-tolerance with morphine might mean 
that the two effects on NK cells are mediated by different mechanisms 
or use different opiate receptors (859). 

Corticotropin-releasing factor (CRF) administered as a single dose 
intraventricularly produced a dose-dependent suppression of rat splenic 
NK cell activity (862); however, neither systemic CRF nor CRF in Vitro 
significantly altered NK cell activity. The NK cell-suppressive effect of 
CRF was antagonized by intraventricular, but not systemic, preadmini- 
stration of a CRF antagonist (862). These data suggest that CRF released 
in the brain following stressful stimuli may have a role in controlling 
the modulation of NK cell cytotoxicity. The observed effect of CRF might 
be mediated by increased sympathoadrenal activity and/or activation 
of the pituitary-adrenal axis. Intraventricular administration of CRF 
produces an activation of sympathetic outflow and an acute increase 
in plasma concentrations of norepinephrine and epinephrine. Release 
of norepinephrine from sympathetic nerve endings innervating the spleen 
might then inhibit NK cell cytotoxicity (863). CRF might also act in 
part by stimulating the release of adrenocorticotropic hormone (ACTH) 
and P-endorphin from the anterior pituitary. However, the systemic 
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administration of CRF, which does not affect NK cell cytotoxicity, is able 
to induce ACTH and @endorphin release from the pituitary gland. Fur- 
thermore, the suppression of NK cells is not blocked by the peripheral 
administration of CRF analogs, which prevent the effect on the pitui- 
tary mediated by the centrally administered CRE ACI'H and 0-endorphin 
therefore do not appear to play a major role in the effect of CRF on 
NK cells in mvo (862). 

Tail electrode shock, as well as foot shock, induces a transient depres- 
sion of NK cell activity that is prevented by the opioid antagonists nalox- 
one or naltrexone (864). However, @-endorphin injected in mvo increased 
NK cell activity, raising some doubt about the role of endogenous opioids 
in the suppression of NK cell activity in this system and about the 
specificity of naloxone and naltrexone as opioid antagonists (864). Indeed, 
in several in m'tro studies, @endorphin, Leu-enkephalin, and Met- 
enkephalin actually enhanced NK cell cytotoxicity and production of 
IFN-7 (865 -869). However, Williamson et al. (870) have demonstrated 
activation of NK cells by 0-endorphin in the range 10-ll-lO-sM, but 
inhibition of NK cell activity by this opioid in the range 10-17-10-13M. 
Thus, it is possible that 0-endorphin is present in mvo after stress at 
the low concentration that induces suppression of NK cell cytotoxicity 
and is responsible for the inhibition. N-acetyl-0-endorphin, which has 
no opioid activity, does not affect NK cell activity (870). However, 
nonopioid fragments of 0-endorphin enhance NK cell cytotoxicity, and 
the effect is blocked by naloxone (871). These data raise the possibility 
that the enhancement of NK cell cytotoxicity by endorphin fragments 
is not mediated through opioid receptors. The increase in cytotoxic 
activity of NK cells treated with 0-endorphin is due to the increased 
number of target-binding cells and of cytotoxic cells among binders and 
to increased recycling capacity (872). 

The evidence to date clearly shows that the activity of NK cells, as 
well as other cells of the immune system, is under the control of the 
central nervous system and is sensitive to various neuropeptides. There 
is little information as to whether NK cells, like other immune cells, 
can produce neuropeptides. The interaction between the nervous system 
and the NK cells is likely to have physiological and clinical relevance, 
although very little is known about the mechanisms of such interactions. 

VII. NK Cells and Reproduction 

The hormonal control of NK cell activity is suggested by alteration 
in NK cell cytotoxicity during the menstrual cycle and pregnancy. One 
study (873) reported a significant fall in human NK cell activity during 
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the periovulatory period, although another study (217) found no signifi- 
cant difference. In the mouse highest NK cell activity, corresponding 
to the time of the lowest metastatic potential of surgically removed 
mammary adenocarcinoma, occurs during the proestrus and estrus stages 
(874). During pregnancy, an NK cell depression is present from the first 
trimester to the postpartum period (875, 876). The mechanism of this 
depression is not clear, and both normal and decreased levels in the 
numbers of NK cells, in the NK cell cytotoxic potential, and in the 
recycling ability have been reported (877-880). The depression of NK 
cell cytotoxic activity in pregnancy correlates inversely with the level of 
170-estradiol in the sera of pregnant women. Treatment of mice with 
170-estradiol or diethylstilbestrol decreases NK cell cytotoxicity by 
decreasing the number of NK cells at the bone marrow level (881-883). 
Eventually, these hormones induce a condition of osteopetrosis, with 
destruction of the bone marrow environment and complete suppression 
of NK cell maturation (415). In some experimental conditions, however, 
170-estradiol treatment induced an activation of NK cells for the first 
30 days, followed by NK cell depression (884). This early NK cell- 
stimulating effect of 170-estradiol correlates with an estrogen-induced 
resistance to metastasis formation by B16 melanoma, an effect thought 
to be mediated by NK cells (884). In vitro, 170-estradiol and 
diethylstilbestrol treatment of PBLs has been reported by some authors 
(885-887) to inhibit NK cell-mediated cytotoxicity, but not by others 
(888, 889). 

Human, murine, and porcine embryos have been shown to recruit 
NK cells to the uterus (890-892). A modest increase of NK cell activity 
in the uterus was also observed in 170-estradiol-induced pseudopregnancy, 
showing that hormonal regulation may play a role but not completely 
account for the sustained increase of NK cell activity in the decidua, 
which requires the presence of an embryo (891). In the human early 
pregnancy decidua 75% of the cells obtained by enzymatic digestion 
are of bone marrow origin (893). Immunohistological analysis showed 
that macrophages and CD3+, HLA-DR+ activated T cells predominate 
in the region, with prominent infiltration of the decidua by the 
trophoblast (894). In the area of the endometrium in which trophoblast 
invasion is not prominent or where it is still associated with endometrial 
glands or spiral arteries, the predominant cell type is that previously 
defined as endometrial granulocytes (895) and consisting of CD2+, 
CD3-, CD5-, CD38+, NKH-l/Leu-19+, partly HLA-DR+ cells (890, 
894). These leukocytes tend to aggregate adjacent to degenerated 
endometrial glands or to spiral arteries (894). These granular lymphocytes 
are absent from term decidua. Flow-cytometric analysis of enzymatically 
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dissociated decidua cells showed that less than 10% of the cells were 
CD3+, on average 40% were NKH-l/Leu-19+, 30% were CD2+, 10% 
were CD16+, and over 50% were CD38+ (893). Two-color analysis 
showed that the two major cell populations were NKH-1+, CD2+ and 
NKH-I+, CD2-, followed by CDl6+ cells (mostly expressing NKH-1/ 
Leu-19 antigen at low density) and CD3+ T cells (893). Most of these 
cells have an LGL morphology. Thus, it appears that more than 50% 
of the decidua cells in the first trimester of pregnancy have a phenotype 
compatible with that of NK cells. Similar results have been reported 
in the mouse system, although the phenotype of the cell was not exten- 
sively characterized (892, 896). 

NK cells are unlikely to cause damage to the embryos because 
blastocysts or freshly dissociated 9.5-, 11.5-, and 14-day munne embryonic 
cells resist NK cell lysis as well as ADCC (892, 897). Human placental 
trophoblast cells are almost completely resistant to NK cell-mediated 
cytotoxicity, but are sensitive to ADCC (873). Lytic NK cells are absent 
from the decidua of beige mice and are reduced in the decidua of mice 
treated with anti-asialo-GM1 serum (892), although pregnancy pro- 
gresses normally in these animals, suggesting that NK cells do not play 
an essential role for a successful pregnancy. However, those data do not 
exclude the presence of NK cells defective in cytotoxic potential in the 
decidua which could mediate noncytotoxic functions of NK cells. It is 
possible that NK cells affect placentation by modulating the maternal 
immune response in the decidua or by producing lymphokines, such 
as IFN-y, which have been shown to stimulate placental growth (898). 
Alternatively, decidual NK cells, through cytotoxic effects or by releas- 
ing cytolytic factors such as TNF, could participate in the necrosis of 
endometrial tissue, facilitating the trophoblast invasion. The striking 
predominance of NK cells in the decidual cellular infiltrate and the 
activated characteristics of these cells suggested by the expression of 
HLA-DR and CD38 antigens cannot be easily discounted as findings 
with little relevance for successful implantation. The absence of CD16 
antigen from most of the cells with NK cell phenotype in the decidua 
might also mean that these NK cells are highly activated. CD16 antigen 
is known to be down-modulated following interaction of NK cells with 
immune complexes (132) or under conditions in which protein kinase 
C is activated (133). The high level expression of NKH-1/Leu-19 antigen 
on these cells is also an indicator of activation (100). Alternatively, the 
NKH-l/Leu-19+, CD16- NK cells may represent relatively immature NK 
cells that are generated by rapid proliferation of NK progenitor cells 
in the decidua or that have recently migrated from the bone marrow. 
Although there is no information on whether the NK cells in the decidua 
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are cycling, the data suggest that the presence of an embryo induces 
an activation and localization of NK cells analogous to the localization 
observed at the site of virus infection (899). However, unlike during virus 
infection, systemic NK cell cytotoxic activity in early pregnancy is 
depressed and not stimulated. 

The recruitment of NK cells may be mediated by products of the 
activated T cells observed in the decidua (894) or by soluble products 
from the endometrial cells or from the trophoblast. An alternative possi- 
ble role of NK cells in the decidua is to suppress the immune response 
of the mother against the embryo. Decidua cells, especially at times of 
gestation later than those corresponding to the peak of NK cell activity, 
strongly suppress NK cell cytotoxic activity, as well as that of CTLs and 
ADCC effector cells (900, 901). Suppressor cells in the decidua also inhibit 
CTL generation. The suppressor cells have been identified as FcyR+ 
non-T cell type, that can, however, be distinguished from classical NK 
cells because of lack of reactivity with anti-asialo-GMl serum, slower 
sedimentation rate, and presence in the decidua of beige mice (902). 
However, it is possible that the suppressor cells are NK cells at a stage 
of maturation or activation in which cytotoxic activity is low, and some 
of their antigenic and physical characteristics are different from those 
of resting mature NK cells with cytotoxic activity. 

Although the studies described above have suggested a relative resis- 
tance of trophoblastic cells to the lytic effect of NK cells, other studies 
have shown that embryonal carcinoma cells are sensitive to NK cell- 
mediated cytotoxicity in vitro (530). It is therefore conceivable that if 
NK cell cytotoxic activity in the decidua is abnormally high, the 
trophoblast could be damaged. Indeed, some studies have suggested a 
direct correlation between NK cell activity and abortion rate. The NK 
cell activity of 50 women with threatened preterm delivery was found 
to be significantly higher than in 50 healthy pregnant women (903). 
In a murine model (CBA females X DBA/2J males) with a high spon- 
taneous abortion rate, a significant correlation was found between 
NK cell infiltrates at 6-9 days and embryo abortion (904). In the same 
mouse model, poly I:C treatment was found to increase and anti-asialo- 
GMI serum treatment to decrease, the abortion rate in parallel with 
NK cell activity (905). 

VIII. NK Cells and Hematopolesis 

Lymphocytes, mostly T cells, represent a small but significant pro- 
portion of bone marrow cells from healthy donors. Although NK cells 
originate and differentiate in the bone marrow (442), active mature 
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NK cells are almost entirely absent from the bone marrow of healthy 
donors (95). Alterations of T and NK cells in the bone marrow can be 
quantitative (increased number or change in the proportion of different 
subsets) or qualitative (activation of the cells). Although T and NK cells 
can produce both stimulating and inhibiting factors, bone marrow failure 
in one or more lineages is the hematopoietic condition most often 
associated with lymphocyte activation (906). The presence of inhibitory 
lymphocytes may represent a primary autoimmune mechanism, or they 
may be generated as a reaction to a pathogenic stimulus, e.g., infection 
or malignancy, with a secondary effect on hematopoietic cells. In some 
patients, the clonal or malignant expansion of a lymphocyte popula- 
tion with inhibitory activity is responsible for the failure of other 
hematopoietic cells. Lymphocytes may act directly on progenitor or stem 
cells or affect other accessory cell types required for growth factor pro- 
duction. Inhibition by lymphocytes may require direct cellular contact 
or be mediated via soluble factors. 

A. EXPERIMENTAL AND CLINICAL in V~~ZNI EVIDENCE FOR A ROLE 
OF NK CELLS IN REGULATION OF HEMATOPOIESIS 

A role for NK cells in hematopoietic homeostasis was originally sug- 
gested by the pioneering studies by Cudkowicz and collaborators (361, 
907, 908) on hybrid resistance to parental bone marrow transplanta- 
tion in irradiated mice. Parental hematopoietic or lymphoid grafts do 
not survive in lethally irradiated F1 hybrids, even though these animals 
are universal recipients of grafts of other types of parental tissue (907). 
The genetic control of hybrid resistance contrasts with the classical 
transplantation studies which show that graft compatibility rests 
predominantly on multiple genetic determinants of cellular antigens 
inherited codominantly: the histocompatibility (H) antigens. The F1 
hybrid anti-parent reaction has been explained by assuming the existence 
of a class of noncodominant genes, designated Hh for hematopoietic 
(or hybrid) histocompatibility, with tissue distribution restricted to 
hematopoietic cells (907). By transplanting across allogeneic and 
xenogeneic barriers, using recipients in which the T cell response has 
been abrogated by irradiation, it was possible to demonstrate an Hh- 
controlled allogeneic and xenogeneic resistance to hematopoietic cells 
that shares most of the properties of hybrid resistance (909). The 
characteristics of the effector cells mediating hybrid resistance (e.g., radio- 
resistance, age of maturation, bone marrow dependence, thymus inde- 
pendence, sensitivity to split-dose irradiation, and lack of immunological 
memory) suggested their identity with NK cells (361, 908). In the mouse 
both hybrid resistance and NK cell activity are under similar genetic 
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control (374) and are abrogated in vzvo by treatment with antisera 
recognizing NK cells (910, 911); hybrid resistance is reduced in NK- 
deficient beige mice (912), and the ability to reject bone marrow in a 
genetically restricted way is adoptively transferred by clones with NK 
cell activity (913). However, the list of properties shared between the cells 
responsible for hybrid resistance and NK cells does not include the single 
most pertinent property of hematopoietic resistance, i.e., its immuno- 
genetic specificity. The genetic restriction of natural hybrid resistance 
has been reproduced in an in vitro system in which purified murine F1 
NK cells inhibit parental granulocyte-macrophage colony-forming units 
(CFU-GMs) (914), although a lower but significant suppression was also 
observed against syngeneic progenitor cells (914, 915). The genetic 
specificity has been shown by in uivo experiments of competitive inhibi- 
tion to reside at the effector cell level (916). A possible role of regulatory 
radioresistant T cells or of natural antibodies in determining genetic 
specificity of hybrid resistance has been proposed, but these models do 
not account for all properties of hybrid resistance (917). 
In uivo NK cells suppress hematopoietic progenitors in mice experimen- 

tally infected with lymphocyte choriomeningitis virus (LCMV) (918). 
Adult mice injected intraperitoneally with LCMV undergo a relatively 
mild disease followed by marked immunological and hematological 
dysfunction (919, 920). During the first week of infection, there is a pro- 
found suppression of spleen CFUs (CFU-Ss) and CFU-GMs (919, 920). 
Erythropoiesis, as measured by 59Fe uptake into hematopoietic tissue, 
is also markedly suppressed. After day 10 of infection, CFU-S and 
erythropoiesis return to levels higher than normal in spleen, whereas 
hematopoiesis remains depressed for over 3 weeks in bone marrow. The 
in uiuo infection of mice with LCMV results in IFN production and 
increased NK cell activity in spleen and bone marrow (921), accompanied 
by the appearance of NK blasts and proliferation of NK cells (922). In 
the infected mice, NK cell activity and tissue distribution in the animals 
correlate with hematopoietic dysfunction (918) although the longlasting 
bone marrow defect cannot be completely explained by the effect of NK 
cells. NK cell activity is detected in the bone marrow during LCMV infec- 
tion, suggesting that the depression of hematopoiesis at early times during 
infection might be attributed to NK cells (918). The NK cells in bone 
marrow have the antigenic phenotype of immature NK cells, suggesting 
that either increased local production or delayed migration of NK cells 
from bone marrow accounts for the increased cytotoxic activity (918). 
An adoptive transfer system was used to show that irradiated LCMV- 
infected mice reject syngeneic bone marrow and that this resistance 
is almost completely abolished by treatment with anti-asialo-GM1 
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antiserum, which abolishes NK cell activity (918). These experimental 
observations in LCMV-infected mice demonstrated that in mu0 activated 
NK cells can suppress growth and proliferation of syngeneic hemato- 
poietic progenitor cells and that this suppression can occur in organs, 
such as the bone marrow, in which NK cell-mediated cytotoxicity is nor- 
mally low. 

The possibility that NK cells play an important regulatory role in 
physiological hematopoiesis, at least in extramedullary sites, is strongly 
suggested by data showing that CFU-GM precursors in the spleen but 
not in the bone marrow are increased severalfold in normal mice depleted 
of endogenous NK cells by chronic treatment with antibody NK-1.1(923). 

In humans several clinical situations of bone marrow depression are 
associated with the presence of activated lymphocytes (906). In many 
cases the activated lymphocytes capable of hematopoietic suppression 
are T cells, mostly of the suppressor/cytotoxic CD8+ subset (924), that 
express HLA-DR and CD25 activation antigens (925). The identifica- 
tion of NK cells as responsible for bone marrow suppression in human 
pathology has been difficult because of the ambiguity of distinctive 
characteristics between NK cells and activated T cells. The LGL mor- 
phology, typical of resting NK cells, is often presented by activated T cells, 
especially CD8+ T cells. In several early studies antibody HNK-l/Leu-7 
was used as a reagent for NK cells (146). The Leu-7 antigen is present 
in normal PBLs on a proportion of NK cells and in a small subset of 
T cells (95), and in patients with activated T cells a large proportion 
of Leu-7+ T cells is often observed. The low-affinity FcyR recognized 
by anti-CD16 antibodies (95) is also expressed on T cells from some 
patients. Cells bearing the receptor for SRBCs (CD2 antigen) and FcyR, 
often referred to as T y  cells, in normal peripheral blood correspond to 
the NK cell subset (95). However, in several patients with bone marrow 
failure (e.g., EBV infection, pure RBC aplasia during chronic lym- 
phocytic leukemia, and LGL lymphocytosis), CD2+ cells expressing 
FcyR and/or CD16 antigens have characteristics of T cells, i.e., they 
express the TCR and the TCR-associated CD3 antigen. Approximately 
10% of the patients with LGL lymphocytosis present cells with CD3-, 
CD16+, CD2+, CD8+ or CD8-, high spontaneous cytotoxic activity, and 
no rearrangements in the X R  genes (423, 430-432). These cells have 
phenotypic and functional characteristics identical to those of peripheral 
blood NK cells. Chan et al. (437) observed that nine patients with CD3+ 
LGL lymphocytosis presented neutropenia, whereas two patients with 
CD3- IGL presented no abnormalities in granulopoiesis. However, other 
recent studies described patients with CD3-, CD16+ LGL lymphocytosis 
associated with neutropenia and anemia (438, 926, 927). Cells from two 
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of these patients were studied in mlro and were shown to inhibit pro- 
liferatioddifferentiation of progenitor cells (926, 927). 

Expansion of Leu-7+ LGLs was also reported in patients with Felty’s 
syndrome (neutropenia, arthritis, splenomegaly) and with adult-onset 
cyclic neutropenia (928, 929). In the patients with Felty’s syndrome the 
Leu-7+ LGLs are CD3+ and of T cell origin, but, unlike in LGL 
lymphocytosis, the CD3+ cells express the CD5 antigen and show poly- 
clonality of TCR gene rearrangement (928, 930). On the other hand, 
two of three patients with cyclic neutropenia described by Loughran et al. 
(929) showed expansion of LGLs with the typical phenotype of NK cells. 

B. INHIBITION OF in Vitro HEMATOPOIESIS BY HUMAN NK CELLS 

It has been hypothesized that the in mvo role of NK cells might be 
surveillance of primitive cells (529). The proportion of NK cells is high 
in blood, spleen, and liver, but low in bone marrow and thymus. Normal 
primitive cell types with significant susceptibility to NK cell lysis in uitro 
can be found in bone marrow and thymus (36, 931-933). 

Because progenitor cells represent only a very small proportion of bone 
marrow cells and their purification has presented serious technical dif- 
ficulties, it has been very difficult to directly analyze a cytotoxic effect 
of NK cells on progenitor cells. Most of the in m’tro evidence for a role 
of NK cells in inhibiting hematopoiesis comes from experiments testing 
the ability of purified NK cell preparations to suppress proliferation and 
differentiation of CFUs. Several early studies suggested that human 
lymphocytes with some characteristics of NK cells (e.g., light density 
and expression of FcyR and E receptor) inhibit both autologous and 
allogeneic bone marrow CFUs, that the inhibition was enhanced by 
pretreatment of NK cells with IFN, and that NK cell-sensitive target 
cells competed for the inhibition (934-937). The inhibitor cells were 
resistant to 10 Gy irradiation but required several hours of contact with 
the bone marrow cells before plating in semisolid medium, in order to 
mediate maximum inhibition (936). Bone marrow-derived CFU-GMs 
and erythrocyte CFUs (CFU-Es) are maximally inhibited by NK cells 
(668, 934-939), whereas inhibition of erythrocyte burst-forming units 
(BFU-Es) was observed in only one study (939) using HNK-l/Leu-7+ 
cells. Two studies have shown that peripheral blood-derived CFU-GMs 
are not inhibited, but rather are stimulated by NK cells (122, 940). 

A possible role for NK cells in inhibiting not only normal 
hematopoietic progenitor cells but also clonogenic growth of leukemia 
cells was suggested by Beran et al. (941), who found that allogeneic 
Percoll-purified NK cells prevented colony formation by the blasts of 
three patients with acute myeloid leukemia. The anti-leukemia cell effect 
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of NK cells was boosted by pretreatment of effector cells with IFN. 
Interestingly, as observed for NK cell-mediated killing of target cell lines 
(34, 503), IFN treatment of the leukemic cells rendered them resistant 
to the suppressive effect of NK cells (941). 

Degliantoni et al. (668, 938) showed that the peripheral blood cells 
that spontaneously suppress bone marrow hematopoietic colonies have 
the exact phenotype of NK cells (i.e., CD16+, NKH-l+, CD3-, CD5-, 
CD4-, HLA-DR-, mostly CD2+, and, in part, CD8+ and HNK-I+). 
The suppressive effect of these cells was increased by pretreatment with 
IFN-a. Herrmann et al. (942) have recently analyzed the ability of human 
NK cell clones and CD3+ T cell clones with NK cell-like cytotoxic 
activity to suppress in mlro hematopoiesis. The NK cell clones did not 
promote hematopoietic colony growth, and individual NK cell clones 
suppressed subpopulations of progenitor cells in a heterogeneous but 
clonally stable manner. The generation of the inhibitory effect required 
cell-to-cell contact, and maximum inhibition was observed after 8-18 
hours of preincubation. 

The possibility that NK cells residing in the bone marrow have an 
inhibitory effect on colony formation was suggested by studies showing 
a significant increase in the number of CFUs when NK cells were removed 
from bone marrow preparations using anti-CD16 antibodies and com- 
plement (943). However, in most studies the bone marrow used as the 
source of CFUs is obtained by aspiration and is likely to be contaminated 
by peripheral blood, making it difficult to establish the origin of the 
NK cells. 

The in vivo relevance of the observed reactivity of NK cells in vitro 
against syngeneic progenitor cells is suggested by studies of cells from 
a patient with aplastic anemia that twice failed to reconstitute after 
engraftment with bone marrow of an identical twin (944). The patient’s 
peripheral blood cells, with characteristics of NK cells (e.g., LGLs, 
CD4-, CD8-, cytotoxic for K562 cells) caused marked inhibition of 
syngeneic CFU-GM colonies (944), suggesting that NK cells might be 
involved in both the pathogenesis of the anemia and the rejection of 
the graft. 

c. ROLE OF SOLUBLE FACTORS I N  THE MODULATION 
OF HEMATOPOIESIS BY LYMPHOCYTES 

NK cells produce various types of factors, including growth factors, 
which affect hematopoiesis. Stimulated highly purified NK cells have 
been shown to produce high levels of GM-CSF and, in certain condi- 
tions, M-CSF and IL-3 (799). GM-CSF and/or IL-3 could account for 
the burst-promoting activity produced by NK cells (945). NK cells have 
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also been shown to support megakaryocyte colony formation by producing 
a soluble CSF (945, 946); because IL-3 has the same activity, it is not 
clear whether IL-3 accounts for the activity produced by NK cells, or 
instead, whether NK cells produce a separate factor. 

Inhibitory factors released by activated T cells and NK cells have also 
been shown to be responsible for hematopoietic suppression in Vitm and 
possibly in vivo (947, 948). The effect of NK cell supernatant fluids on 
in vitro colony formation is a balance between these inhibitory and 
stimulatory activities. However, most assays of colony formation in the 
presence of optimal concentrations of exogeneously added CSF preferen- 
tially detect inhibitory activities, whereas, in the absence of added CSF, 
stimulatory activity can be observed (949). 

Degliantoni et al. (668, 938) showed that purified NK cells produce 
colony-inhibiting activity (NK-CIA) when cocultured for several hours 
with NK-sensitive cells (such as K562 cells) or with allogeneic or 
autologous bone marrow cells, but not with NK-insensitive cells (such 
as Raji cells). HLA-DR+ bone marrow cells, highly enriched for 
hematopoietic progenitor cells, induce NK-CIA production, whereas 
HLA-DR- cells, depleted of precursor cells, fail to do so, suggesting that 
NK cells produce NK-CIA following direct interaction with the progenitor 
cells. The specificity of inhibition of hematopoietic colonies by NK-CIA 
and by NK cells was almost identical: Both inhibited CFU-GEMMs, 
CFU-Es, and CFU-GMs on day 14, but not BFU-Es or CFU-GMs day 
7 (938). NK-CIA was synergistic with IFN-y in inhibiting CFU-GMs on 
day 14; NK-CIA and IFN-y together but not separately, also inhibited 
CFU-GMs on day 7 (668). The NK-CIA concentration in the supernatant 
fluid was sufficient to account for the inhibition of colony formation 
observed when NK cells were added directly to the bone marrow cells 
used for colony formation, although the contribution of a direct cytotoxic 
effect of NK cells on progenitor cells to the observed inhibitory effect 
cannot be ruled out. NK-CIA-containing supernatants did not contain 
significant amounts of IFN-(x or -y, and the NK-CIA activity was not 
inhibited by antibodies to IFN (668). NK-CIA inhibition of colony for- 
mation was efficiently abolished by monoclonal antibodies to TNF but 
not lymphotoxin (LT) (668). The NK-CIA-containing supernatants have 
low (0.1-10 U/ml) TNF activity, as evaluated by biological assay (cytotox- 
icity on actinomycin D-treated mouse L cells) or by radioimmunoassay 
(260). Such levels of TNF were sufficient to account for the observed 
inhibition of colony formation, as determined by using recombinant TNF 
(668, 950, 951). 

Purified recombinant TNF as well as LT inhibit CFU-GEMMs, 
BFU-Es, and CFU-Es with similar efficiency ( - 50% inhibition with 
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1 U/ml), and the inhibition is augmented by IFN-y (951). The fact that 
homogeneous TNF but not supernatants from NK cells containing TNF 
inhibited BFU-E colonies is probably due to the fact that NK cells 
produce burst-promoting activity, masking the inhibition by TNF (945). 
Both TNF and LT poorly inhibit CFU-GMs but strongly synergize with 
IFN-y in inhibiting this colony type (951). When NK and T cells 
simultaneously produce IFN-y and TNF or LT, the ability of the super- 
natants to inhibit CFUs, because of this synergistic effect, might be almost 
completely abolished by anti-IFN- y, leading to the mistaken conclusion 
that IFN-y alone is responsible for the inhibition. In the study by 
Herrmann et al. (942) NK cell clones that produced both IFN-y and 
NK-CIA activity inhibited erythroid and myeloid colonies, including 
CFU-GMs on day 7. Anti-IFN-y monoclonal antibodies prevented the 
inhibition of CFU-GMs on day 7, but not of other colony types, sug- 
gesting that the inhibition was mediated by a factor (possibly TNF) acting 
synergistically with IFN-y. Cells from several LGL lymphocytosis patients 
have been shown to produce IFN-y (432, 438). In one case of CD3-, 
CD16+ LGL lymphocytosis, IL-2-stimulated LGL produced both IFN- 
y and a CIA that was only partially abolished by anti-IFN-y antibodies, 
also suggesting a synergistic effect between IFN-y and other factors, 
possibly cyto toxins (43 8). 

Because progenitor cells in peripheral blood and in bone marrow are 
not qualitatively different, it is difficult to interpret the data showing 
that bone marrow CFUs but not peripheral blood CFUs are inhibited 
(122, 940). However, it was recently shown that removal of NK cells from 
the peripheral blood of patients with P-thalassemia results in increased 
CFUs but that the effect of NK cell removal is abolished if adherent 
cells are removed (952). These data suggest that the inhibition of CFUs 
mediated by NK cells in the peripheral blood of the patients requires 
interaction with adherent cells. It is possible that the HLA-DR+ cell 
population in bone marrow shown to induce NK-CIA/TNF formation 
by NK cells (938) contains a stromal or hematopoietic cell population 
in addition to precursor cells. This stromal/hematopoietic cell type, but 
not the precursor cells, could interact with NK cells and induce 
NK-CIA/TNF production. The absence of this accessory cell type from 
nonadherent preparations of peripheral blood mononuclear cells might 
explain the inability of NK cells to suppress CFUs from peripheral blood. 

Both experimental and clinical observations support the possibility 
that NK cells are the cellular mediators of certain types of pathological 
dysregulation of hematopoiesis. In vitro models have offered insights into 
the mechanisms of interaction of NK cells with hematopoietic progenitor 
cells. NK cells probably directly interact with progenitor cells, with a 
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mechanism of specificity still unknown, and are triggered to produce 
various soluble mediators. NK cells can produce factors with both 
enhancing and inhibiting activity on hematopoiesis. The activity of 
NK cells and their ability to produce cytotoxins are also regulated by 
other cell types through factors such as IL-2 and IFN-a. 

The evidence for a role of NK cells in maintaining physiological 
hematopoietic homeostasis is much less compelling. However, if, as in 
many other systems, the pathological aspects of NK cell functions are 
interpreted to be an exaggeration of the physiological functions of this 
cell type, a role of NK cells in hematopoietic homeostasis can be assumed. 
The observation that depletion of NK cells in mvo does not affect bone 
marrow hematopoiesis, but determines a significant increase in the 
number of progenitor cells in the spleen (923), suggests the possibility 
that NK cells are mostly involved in the regulation of extramedullary 
hematopoiesis. This possibility is also compatible with observations in 
the hybrid resistance system (912), with NK cell organ distribution, and 
with the localization of their effect against metastatic diffusion of tumors 
or parasite infection (23). 

D. NK CELLS AND GRAFT-VERSUS-HOST REACTION 

The pathogenesis of acute graft-versus-host disease (GVHD), a major 
complication of allogeneic bone marrow transplantation, remains 
obscure. The identity of the effector cells involved in acute GVHD is 
still controversial, and CTLs, NK cells, and a decreased activity of sup- 
pressor T cells have all been implicated, but none of these cell types 
has been definitively incriminated in the production of target cell injury 
in vivo. 

In humans Lopez et al. (953-955) found an association between high 
pretransplantation NK cell activity in the recipient against HSV-1-infected 
target cells and incidence of GVHD after bone marrow transplantation. 
However, in other studies, no correlation was found with NK cell cytotoxic 
activity against K562 target cells (953, 956, 957) or, in one study (957), 
against HSV-1-infected target cells. The failure to reproduce the original 
finding of an association between NK cell activity in the recipient and 
GVHD is probably due to the number of different factors that affect 
measurement of NK cell activity in mlro, making it impossible to use 
this activity as a clinical prognostic indicator of GVHD. However, the 
data of Lopez et al. (953-955) are in agreement with observations in 
experimental animals, as detailed below, and represent suggestive impor- 
tant evidence of a role for NK cells in both the inductive and effector 
phases of GVHD. 

Dokhelar e t  al. (467) reported further evidence supporting a role for 
NK cells in human GVHD by showing that the occurrence of acute 
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GVHD was associated with an early appearance of maximal NK cell 
activity within 2-4 weeks of transplantation, whereas in patients without 
acute GVHD NK cell activity was restored later. More direct evidence 
of NK cell participation is represented by in situ analysis during GVHD 
of human rectal mucosa (958) and skin (959), in which cells with 
immunohistochemical features of NK cells were detected. In the murine 
model of GVHD induced by bone marrow transplantation between strains 
differing only in the minor histocompatibility antigens, Guillen et al. 
(960) demonstrated that the preponderant mononuclear cells in GVHD 
lesional skin have phenotypic characteristics of NK cells. These cells have 
the morphology and ultrastructure of LGLs with typical vesicles and 
PTAs, express asialo-GM1, Thy-1, and CDllb (MAC-1) antigens, but are 
mostly Ly-1 and Ly-2 negative. Membrane association was observed 
between LGLs and degenerating keratinocytes, including apposition of 
cell membranes and invagination of elongated microvilli of mononuclear 
cells into adjacent degenerating keratinocytes (960). On the basis of this 
association and a granule morphology suggesting discharge or dissolu- 
tion of the granule contents, it has been postulated that the NK cells 
are directly cytotoxic for the keratinocytes (960). However, it has recently 
been reported in a similar mouse model that anti-TNF antibodies in vivo 
completely prevent acute GVHD (961). Because activated NK cells are 
powerful producers of TNF (78), it is possible that the tissue necrosis 
observed is mediated by TNF and not by NK cell-mediated cytotoxicity. 
Alternatively, TNF may act as an immune potentiating cytokine that 
enhances the cytotoxic/necrotic effect of NK cells and, possibly, of 
macrophages and neutrophils. 

Although the data presented above provide compelling evidence for 
a major role of NK cells in the effector phase of GVHD, the role of 
NK cells in the inductive phase and their host or donor origin remain 
controversial. In experimental animals (962) and possibly in humans 
(963) elimination of mature T cells from the bone marrow graft prevents 
GVHD. A role for transplantation antigen-specific T cells in the initia- 
tion of most cases of GVHD is certain. NK cells might be recruited by 
the products of T cells as effector cells, but they might also participate 
in the induction phase, providing necessary help for the T cell response 
(see Section X). Various experimental systems have been utilized to 
demonstrate the requirement of host or donor NK cells in GVHD. When 
+ / b g  (normal NK cell activity) or bg/bg (deficient NK cell activity) 
mice were used as the host or donor of bone marrow cells, early 
splenomegaly and moderate B cell suppression were observed in all of 
the combinations. However, + / b g  but not bg/bg bone marrow cells were 
able to induce severe GVHD with histopathological lesions and profound 
B and T cell suppression in either bg/bg or + / b g  recipients (964). These 
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results suggest that donor NK cells rather than host NK cells play an 
active role in GVHD-associated tissue damage and long-term immune 
suppression. Elimination of either asialo-GMl+ (965) or NK-1.1+ (966) 
cells from transplanted bone marrow did not prevent GVHD, indicating 
that mature donor NK cells were not required. However, when donor 
mice were stimulated with in vivo allogeneic immunization, matura- 
tion of a proportion of lymphocytes, possibly NK progenitors, from asialo- 
GM1- to asialo-GM1+ was observed (965). When bone marrow from 
these immunized animals was used for transplantation, treatment of the 
animals with anti-asialo-GM1 serum before marrow harvest prevented 
GVHD in the recipients (965). Thus, both mature and precursor NK cells 
in the bone marrow graft might generate GVHD. 

Other studies have shown that treatment of the recipient with anti- 
asialo-GM1 serum prevents GVHD following semiallogeneic bone 
marrow transplantation in irradiated (967) or unirradiated (968) animals. 
In animals treated with anti-asialo-GM1 serum the anti-host CTL 
response (967) and the enhancement of NK cell activity (968) found in 
the control grafted animals were suppressed. 

The most likely interpretation of these apparently contradictory results 
is that radioresistant NK cells are required in the host to provide necessary 
helper function for the generation of alloantigen-specific CTLs. This 
helper function of NK cells might be present in the noncytotoxic NK cells 
from beige mice, as suggested by the development of GVHD in bg/bg  
mice transplanted with + / b g  bone marrow (964). Probably secondary 
to CTL activation, donor NK cells or NK progenitor cells are activated 
and induced to proliferate, generating the early and elevated reconstitu- 
tion of NK cell activity after transplantation. These activated NK cells 
probably represent the effector cells of GVHD without antigenic 
specificity. The lack of antigenic specificity of this phase of the GVHD 
is elegantly demonstrated by experiments in which a graft of fetal intestine 
syngeneic with the bone marrow donor was implantad under the kidney 
capsule of mice undergoing GVHD (969). Although the intestine should 
not have been recognized by the anti-host CTLs, it was nonetheless 
rapidly infiltrated by lymphocytes and presented the same pathological 
aspects (e.g., villus atrophy and crypt hyperplasia) observed in the 
recipient intestine. 

IX. Antimicrobial Activity of NK Cells 

A. ANTIVIRAL ACTIVITY OF NK CELLS 

A central role for NK cells in the defense against virus infection in 
humans is strongly suggested by the prevalently viral pathology in the 
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few patients who have a selective absolute deficiency of NK cells (375, 
377). These patients show frequent infections with varicella zoster, CMV, 
EBV, and other viruses. Unlike patients with X-LPD, in whom the NK 
cell defect is subsequent to EBV infection and might be induced by the 
virus (339), the NK cell-deficient patients had a history of repeated viral 
infection before EBV infection (375). 

NK cells, together with IFN and other natural resistance mechanisms, 
represent the first line of defense of the organism against infection by 
certain viruses, before humoral and cellular effectors of adaptive 
immunity are activated. During virus infection, an NK cell response, 
which usually peaks at 3 days postinfection, is followed by a CTL response, 
which peaks at 7-9 days postinfection (921). Mice acutely infected with 
LCMV are characterized by high levels of virus-induced IFN and NK cell 
activity in spleen, peritoneum, liver, lung, bone marrow, and peripheral 
blood (17, 899, 918, 921, 970, 971). The increase in NK cell activity is 
due to an absolute increase in the number of NK cells, originating 
de novo from the bone marrow, as indicated by the prevention of activa- 
tion of NK cells by HU treatment (922, 972). NK cells in the infected 
mice have blast morphology, are of lighter density than are those in 
control mice, and are replicating, as shown by experiments combining 
single-cell cytotoxic assay and autoradiography using NK cells pulsed 
~ith[~H]thymidine (972). Similar in vivo activation and proliferation 
of NK cells are observed when mice are treated with IFN or with IFN- 
inducers such as poly I:C (734), suggesting that the effect of virus infec- 
tion on NK cell blastogenesis in vivo is mediated through IFN induction. 

Although virus-infected mice show systemic activation of NK cells, 
there is also a preferential localization of NK cells in the infected organs, 
as shown by higher peritoneal accumulation of LGLs when viruses are 
injected intraperitoneally rather than intravenously and by higher liver 
accumulation of NK cells observed with infection by hepatotropic viruses 
than by nonhepatotropic viruses (899, 973). Production of chemotactic 
factors at sites of virus replication is at least partially responsible for NK 
cell or LGL accumulation at these sites, as suggested by the presence 
of in vitro chemotactic activity for NK cells and other cell types in the 
washout fluid from the peritoneal cavity of virus-infected animals (922). 

LCMV infection is very efficient in inducing NK cell activation in avo. 
However, experimental evidence suggests that NK cells do not play a 
primary role in protecting the mice against this virus (974-976). The 
inflammatory exudate found in the cerebrospinal fluid of mice after 
intracerebral infection with LCMV contains a substantial population 
of NK cells in addition to CTLs; however, various experimental pro- 
tocols, including adoptive cell transfer, suggest that NK cells, even if 
they participate in the inflammatory process, are not uniquely required 
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for the induction of neurological symptoms (977). On the other hand, 
the severity of the encephalopathy induced in mice by intracerebral injec- 
tion of influenza virus is significantly reduced by elimination of NK cells 
in vivo using anti-asialo-GM1 serum (978). Thus it appears that under 
conditions in which NK cells are unable to prevent the virus infection, 
they might participate in the pathogenic process itself. 

CMV infection of the mouse is presently the system with the most con- 
vincing evidence that NK cells play a role in resistance to virus infec- 
tion in mvo. This was shown by correlative experiments in different mouse 
strains, by altering NK cell activity in Vivo with stimulators and inhibitors, 
including treatment with anti-asialo-GM1 antiserum, and by adoptive 
transfer experiments (976, 979, 980). Injection of anti-asialo-GM1 
antiserum up to the third day of infection increases the virus titer up 
to 1000-fold (980). However, systemic treatment with anti-asialo-GM1 
serum does not exacerbate infection by mouse CMV administered 
intranasally (980). This phenomenon, originally interpreted as evidence 
against a role for NK cells in protection against viral infection in the 
lung, is now known to be due to a compartmentalization of lung NK 
cells, which respond poorly to systemic stimuli but can be efficiently 
activated in their antiviral function by local stimulation (315, 981). 

It is possible to speculate why NK cells are very efficient against certain 
viruses but not others. IFN production is a constant feature of virus infec- 
tion and IFN renders tissue cells resistant to the lysis mediated by both 
resting and activated NK cells (34, 503, 570). Because cells infected by 
most viruses are not protected against NK cells by IFN, due to the inhibi- 
tion of host RNA and protein synthesis, IFN protection of normal but 
not infected target cells was proposed as a major mechanism by which 
NK cell cytotoxicity is directed toward virus-infected cells and spare 
uninfected cells (34, 569). This theory predicted that NK cells would 
not be effective in mvo against viruses that do not shut off host RNA 
and protein synthesis during cell infection. Cells infected by such viruses 
would be protected by IFN and therefore not lysed by NK cells. The 
work of Welsh and collaborators (511, 570, 976, 982) has provided sup- 
portive evidence for this hypothesis by showing that (1) normal cells such 
as thymocytes are protected in vivo by IFN against NK cell cytotoxicity 
during LCMV infection and (2) infection of target cells with viruses sen- 
sitive to NK cells in vim, such as mouse CMV, prevents the protective 
effect of IFN, whereas LCMV does not. 

The role of NK cells in the defense against infection by HSV-1 in mice 
is controversial. Original data that anti-asialo-GM1 serum suppresses 
resistance to HSV-1 infection (983) were challenged by the observation 
that the antiserum suppresses both NK cell activity and IFN production 
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(984). The use of lower concentrations of anti-asialo-GM1 serum that 
were able to block NK cell activity but not IFN production failed to 
confirm a role of NK cells against HSV-1, and adoptive transfer 
experiments were also inconclusive in supporting a role for NK cells (984). 
More recently, however, adoptive transfer of purified NK-l.l+, asialo- 
GM1+ NK cells in cyclophosphamide-treated mice has been shown to 
induce protection against HSV-1 infection, providing direct evidence for 
a role of NK cells in protection against development of fatal infection 
in mice (985). These data also point to the need for caution in inter- 
preting studies that fail to demonstrate a role for NK cells against other 
viruses. Several adaptive and nonadaptive mechanisms of resistance to 
virus infection are simultaneously active in the organism. When one 
mechanism fails or is suppressed, it seems reasonable to expect that other 
mechanisms might compensate, making it difficult to dissect the role 
of a particular mechanism. In this respect, it is interesting that the IFN 
titer in vivo in mouse CMV-infected mice is higher when NK cells are 
ablated by anti-asialo-GM1 serum treatment (976). Experimental 
evidence, even if not always conclusive, suggests a role for NK cells in 
the defense against infection by mouse hepatitis virus, vesicular stomatitis 
virus, influenza virus, togaviruses, retroviruses, poxviruses, and also non- 
enveloped viruses such as coxsackie B and encephalomyocarditis viruses 
(982). 

Studies of NK cell activity during virus infection in patients are rare, 
and in most cases the available information is not based on sufficiently 
standardized assays. Enhanced NK and K cell activity has been observed 
during several acute virus infections (986-992). An increase in NK cell 
activity was observed in renal transplant patients during CMV infec- 
tion (986), and a significant correlation was found between fatal CMV 
infection and failure to develop NK cell activity in immunosuppressed 
bone marrow transplant recipients (993). A correlation has also been 
observed between susceptibility to HSV-1 infection and low NK cell 
activity against HSV-l-infected target cells in newborns and in patients 
with acquired immunodeficiency syndrome (AIDS) (992, 994). 
In Vitro, human NK cells efficiently lyse virus-infected cells. Cytotox- 

icity against HSV-l-infected target cells was originally shown to be due 
either to an ADCC mechanism induced by minimal concentrations of 
antibodies produced in m'tro (995) or to cross-linking mediated by 
immune complexes or aggregated Igs between FcyR+ effector cells and 
the FcR induced by HSV-1 infection on the target cells (996). However, 
antibody-independent natural cytotoxicity was demonstrated on mumps- 
infected target cells (997), an observation subsequently extended to target 
cells infected by a variety of viruses (34, 998, 999), demonstrating that 
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(1) sensitivity of virus-infected target cells to NK cell cytotoxicity was not 
significantly different from that of noninfected target cells, but infected 
cells induced activation of NK cells, resulting in increased killing of the 
infected (and uninfected bystander) target cells starting after 3-4 hours 
of culture, (2) activation of NK cell cytotoxicity was concomitant with 
the production of IFN-(r by the PBL preparations used as a source of 
NK cells, and (3) the IFN-(r released into the supernatant was able to 
stimulate the cytotoxic activity of fresh PBLs. These data served to iden- 
tify IFN-(r as the major factor responsible for the enhanced NK cell 
cytotoxicity against virus-infected target cells. 

An IFN-independent cytotoxic mechanism was described particularly 
for target cells infected with paramyxovirus and myxoviruses. Lysis against 
these target cells can be blocked by antibodies to viral glycoproteins, 
specifically hemagglutinin, and purified glycoproteins can activate the 
effector cells (999-1002). Antibodies to the glycoproteins do not block 
the cytotoxicity if added after the glycoproteins have activated the effector 
cells. This type of cytotoxicity has been defined as virus-dependent 
cellular cytotoxicity (VDCC) (1003) and has characteristics quite different 
from those of the NK cell-mediated lysis of virus-infected target cells. 
The increase in cytotoxicity is observed within 3-4 hours after the treat- 
ment of PBLs with glycoproteins, at a time in which NK cell-mediated 
killing of virus-infected target cells is usually not observed (1001). This 
type of killing is reminiscent of lectin-dependent cytotoxicity and both 
NK cells and CD3+ T cells are able to mediate VDCC and lectin- 
dependent killing (1004-1008). In other experimental models target cells 
infected by herpesviruses have been shown to be lysed mostly or exclusively 
by NK cells (510, 1009, 1010). Interestingly, the nature of the infected 
target cells seems to indicate which type of effector cells is involved: 
mumps virus-infected Chang target cells were lysed only by CD3- effec- 
tor cells, whereas mumps virus-infected T24 cells were lysed by both 
CD3- and CD3+ effector cells (1007). This observation may indicate 
different mechanisms of lysis that may or may not involve IFN. In the 
murine system HSV-l-infected YAC-1 cells are lysed by NK cells activated 
by a mechanism involving exclusively IFN activation, whereas 
HSV-l-infected WEHI-164 cells are lysed by NC cells that are not 
stimulated by IFN (1011). The possible involvement of NC cells is inter- 
esting because the cytotoxicity of NC cells is mostly mediated by TNF, 
and it was recently shown that NK cell clones can also lyse vesicular 
stomatitis virus (VSV)-infected target cells through the release of TNF 

It is difficult to evaluate the relative participation of VDCC and IFN- 
mediated activation of NK cells in the cytotoxicity of PBLs against virus- 

(1012). 
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infected target cells. Casali and Oldstone (1013) have shown that lysis 
of measles-infected target cells occurs in two phases. The first phase occurs 
within 4 hours and is blocked by antibody to the hemagglutinin glyco- 
protein but is not blocked by antibody to IFN; the second phase of lysis 
occurs betwen 8 and 16 hours and is inhibited by antibody to IFN. 
Because enhanced lysis of virus-infected target cells in most experimen- 
tal systems is not detectable until 4 hours (Fig. 3), it is possible that VDCC 
requires a very high density of viral glycoproteins on the target cell surface 
and does not play a major role in most in Vitro systems. 

Activation of human NK cells has also been shown with influenza 
hemagglutinin in an IFN-independent system (1014). Those results were 
confirmed using recombinant influenza virus proteins (nonstructural 
protein 1, alone or fused with the hemagglutinin or matrix protein) but 
in this case, the activation of NK cells was shown to be mediated entirely 
by IFN-(r induced by the virus proteins (1015). 

The hypothesis that IFN is a major inducer of NK cell activation 
against virus-infected target cells has been challenged by several authors 
(512, 513, 1016-1019) on the basis that (1) antibodies against IFN do not 
block cytotoxicity, (2) IFN-activated NK cells are able to lyse virus-infected 
target cells more efficiently than uninfected ones, and (3) using as effector 
cells PBLs from normal donors or immunodeficient patients, there is 
no correlation between IFN titer in the supernatant fluid and cytotox- 
icity. Although the third observation can be easily explained by factors 
such as the variable response of PBLs of different donors to IFN stimula- 
tion, the characteristics of the dose-response curve for IFN-mediated 
NK cell activation, and the possibility of other mechanisms operating 
together with IFN, the underpinnings of the first two points are less 
obvious. The inability of anti-IFN antibodies to inhibit cytotoxicity might 
rest in the use of the antibodies at concentrations too low to efficiently 
inhibit, before NK cell activation, the high concentrations of IFN 
expected to be present in the intercellular space in the cell pellet. Also, 
both the antiviral and the NK cell-activating activities of IFN can be 
transferred directly from cell to cell, without secretion of IFN into 
medium containing anti-IFN antibodies (1020, 1021). The ability of IFN- 
stimulated NK cells to lyse virus-infected cells more efficiently than 
uninfected cells suggests that virus-infected target cells are intrinsically 
more sensitive to NK cells. These results have been reported by some 
laboratories (1016, 1018), whereas others found a similar or lower lysis 
of infected versus uninfected target cells when optimally stimulated NK 
cells were used (79, 511-513). The interpretation of these results is com- 
plicated by the facts that maximal activation of NK cells may not always 
be obtained, that IFN produced during an 18-hour cytotoxic assay further 
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increases or at least maintains the cytotoxic activity of the IFN-treated 
PBLs, and that IFN, when added to the assay, protects the uninfected 
but not the infected target cells from lysis, mimicking the higher sen- 
sitivity of the virus-infected target cells. 

Because the cells that produce IFN-a in cultures of PBLs and virus- 
infected target cells share some characteristics with NK cells, e.g., similar 
density on a Percoll gradient, it was proposed that NK cells produce 
IFN-a and therefore stimulate themselves with an autocrine mechanism 
(821). However, it was found that the major type of IFN-a-producing 
cells in response to CMV, HSV-1, and influenza virus infection is a light- 
density, nonadherent, HLA-DR+, non-NK, non-B, non-T cell type that 
represents no more than 1-2% of PBLs (92, 510, 827, 828). The lineage 
of this cell type is not known, but it can be clearly distinguished from 
monocyte/macrophages and from dendritic cells on the basis of antigenic 
and adherence characteristics (92; S. Bandyopadhyay, personal com- 
munication). The killing of virus-infected target cells, but not of K562 
target cells, by CD16+, HLA-DR- NK cells has an absolute requirement 
for the IFN-a-producing HLA-DR+ cells (510, 1022, 1023). The 
HLA-DR+ cells in contact with virus-infected target cells produce a 
factor that activates NK cells, as shown by supernatant fluid transfer 
or by separating the HLA-DR+ cells and CD16+ NK cells by filters 
(510). In both cases the NK cell-activating activity is completely blocked 
by anti-IFN-a antibodies (510). The same antibodies do not prevent lysis 
of virus-infected cells by total PBLs (510), as was also described in other 
studies (1016, 1018). However, anti-IFN-a antibodies efficiently inhibit 
cytotoxicity on virus-infected target cells when the cultures are rocked 
to reduce cellular interactions or when the number of HLA-DR+ cells 
in the culture, normally in large excess, is reduced to the minimal con- 
centration required for efficient cytotoxicity (S. Bandyopadhyay, per- 
sonal communication). These results strongly support the original 
hypothesis that activation of NK cells by IFN-a is the major and most 
efficient mechanism responsible for the enhanced lysis of virus-infected 
target cells by PBLs in vitro. However, other mechanisms, such as the 
direct interaction of NK cells with IFN-a-producing cells or with viral 
glycoproteins on the target cell surface are likely to play a role in the 
activation of NK cells. 

B. NK CELLS IN BACTERIAL AND PARASITIC INFECTION 

A role for microbial infection in the maturation and activity of 
NK cells is supported by data showing earlier maturation and increased 
NK cell activity in newborn mice or piglets maintained in normal colony 
conditions versus germ-free animals (276, 1024). 
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Infection of mice with various bacterial strains such as Listerza mono- 
cytogenes or Chlamydia trachomatis induces a systemic increase of NK 
cell activity, which peaks at day 3 and returns to normal levels at day 
7 in the bone marrow and spleen, but remains increased for more than 
10 days in the peripheral blood and peritoneal exudate (1025, 1026). 
However, no direct role in the resistance to L .  monocytogenes infection 
could be attributed to NK cells, because the increase in NK cell cytotox- 
icity was observed in strains of mice genetically resistant or sensitive to 
L .  monocytogenes infection (1025, 1027) and treatment of mice with 
89Sr to suppress NK cell activity had no effect on this infection (1028). 

It is possible that the major role of NK cells against bacterial infec- 
tion is the production of lymphokines such as IFN-y, GM-CSF, TNF, 
and macrophage-chemotactic factor that activate other effector cells of 
nonadaptive resistance. However, in some experimental conditions in vitro 
NK cells have been shown to be able to directly lyse extracellular bacte- 
ria (1029, 1030) or cells infected with intracellular bacteria, such as 
Shigellajlexneri-infected HeLa cells (1031), or monocytes infected with 
Legionella pneumophila (1032) or Mycobactenum avium (1033). 
Recently, purified CD16+, NKH-l/Leu-lS+ NK cells have been shown 
to kill both gram-positive and -negative bacteria. This bactericidal 
activity is mediated at least in part by an extracellular mechanism involv- 
ing soluble factors (1034). Treatment of human lymphocytes in vitro with 
fixed Shigella or Salmonella bacteria induces activation of NK cells and 
production of both IFN-a and -y (1035-1037). The cytotoxic NK cells 
generated have been shown to be Leu-19+ cells, most of which bear the 
CD16 antigen but not T cell antigens (1036, 1037). The activation of 
NK cells is also observed using bacteria concentrations too low to induce 
IFN production, suggesting the possibility that the enhancement of 
cytotoxicity is due to a direct effect of the bacteria on NK cells and that 
it is not mediated by IFN (1036). Elimination of CD16+ NK cells from 
the lymphocyte preparation almost completely eliminates the produc- 
tion of IFN (1037), suggesting that at least the IFN-y induced in PBL 
preparations by bacteria is produced by NK cells. Similar results 
indicating the production of IFN-y by NK cells have been obtained with 
murine NK cells induced by L. pneumophila (1038). Bacterial lipopoly- 
saccharide (LPS) from Salmonella fails to induce IFN production or 
NK cell activation and inhibits NK cell stimulation by the fixed bacte- 
ria (1035, 1037). However, LPS from Eschen'chia coli, Pseudomonas 
aeruginosa, or human periodontal pathogens plays a central role in the 
activation of NK cells by these bacteria (1039, 1040). LPS is internalized 
in NK cells and induces an increase in cytotoxic as well as phagocytic 
activities for opsonized bacteria. This functional effect is accompanied 
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by morphological changes (e.g., dilatation of the intracellular membrane 
compartment, formation of tubuloreticular inclusions, and increase in 
acid phosphatase activity) that are reminiscent of those induced by IFN 
(1040). 

Soluble streptococcal products also activate NK cells and induce IFN-y 
production (1041). The increase in cytotoxicity induced by these pro- 
ducts is mostly mediated by the IFN-? (1041). Streptococcal prepara- 
tion OK432, often used in therapeutic trials, also has strong IFN-inducing 
and NK cell-enhancing activity (1042, 1043). In m'vo, OK432 stimulates 
an increase in NK cell generation in the bone marrow and the appearance 
of proliferating NK cells in spleen (1043). 

Murine and human NK cells can bind and inhibit growth of fungi 
such as Cyptococcus neoformans, Paracoccidioides brasiliensis, and Coc- 
cidioides immitzi (1044-1046). There is some evidence that NK cells play 
a role in controlling cryptococcal infection. Beige mice are less resis- 
tant to C. neoformans infection than are their normal heterozygous litter- 
mates (1047), and the ability of cyclophosphamide-treated mice to clear 
the fungus is restored by adoptive transfer of normal spleen cells but 
not by that of spleen cells treated with anti-asialo-GM1 serum (1048). 
In vivo treatment with anti-asialo-GMl serum or anti-NK-1.1 
monoclonal antibodies reduces the lung clearance of intravenously 
injected C. neoformans, but has no effect on long-term survival of the 
mice (1049). The colonization of C. neoformans to lung, spleen, and 
brain after infection via the respiratory route is also not affected by in m'im 
depletion of NK cells (1049). Thus, NK cells have activity against 
C. neoformans but do not appear to play an essential role in the defense 
against infection in the normal host, although their activity might be 
required in the immune-compromised host, 

Candida albicans enhances NK cell activity (1050) and induces pro- 
duction of TNF from NK cells and monocytes (1051). However, NK cells 
do not kill C. albicans, although an excess of C. albicans blocks NK cell 
lysis of K562 cells (1052). NK cells may participate in the defense against 
C. albicans infection by secreting TNF, IFN-y, or other lymphokines that 
activate the fungicidal activity of neutrophils and macrophages (1053). 

Few studies have been published on the possible role of NK cells in 
the defense against protozoa. In mvo infection with Toxoplasma or 
Plasmodium is associated with increased NK cell activity (1054, 1055). 
A role for NK cells in the defense against these pathogens is suggested 
by the shorter survival time of Plasmodium berghei-infected beige mice 
than normal mice (1056), and by the ability of murine NK cells to lyse 
Toxophma gondii in Vitro (1057). NK cell activation in acute infection and 
depression in chronic infection has been demonstrated in mice infected with 
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Leishmania (1058). Studies employing beige mice, split-dose irradiation, 
and adoptive transfer of an NK cell clone have suggested a possible role 
for NK cells in the clearance of Leishmania from spleen and liver (1059). 
NK cells show little spontaneous cytotoxicity for trypanosomes, but effi- 
cient ADCC (1060). Trypanosomes are not efficiently lysed by NK cell 
granular pore-forming proteins, but are sensitive to a Ca2 + -independent 
granule lytic protein (1060). 

X. NK Cells and Adaptive Immunity 

A. IMMUNOREGULATORY ROLE OF NK CELLS ON B CELL RESPONSE 

Moretta et al. (1061) originally showed that E-rosetting FcyR+ 
lymphocytes, after interaction with immune complexes, suppress the poly- 
clonal B cell differentiation induced by pokeweed mitogen (PWM). 
E-rosetting FcyR+ cells are now known to be almost exclusively CD2+, 
CD16+ NK cells. Lobo (1062) showed that non-E-rosetting FcyR+ cells, 
probably corresponding to the CD2- subset of NK cells, spontaneously 
enhanced PWM-induced B cell differentiation but suppressed it after 
interaction with immune complexes, providing the first experimental 
evidence that NK cells might have both enhancing and suppressive effects 
on B cell response. The effect of NK cells on PWM-induced B cell dif- 
ferentiation was attributed to an indirect effect of NK cells on helper 
T cells rather than to a direct effect on B cells (1061, 1063). A murine 
NK cell clone was shown to inhibit B cell response both in Vivo and 
in Vitro (1064). Although some studies have shown that B cells at dif- 
ferent stages of activation are sensitive to the lytic effect of NK cells 
(1064-1066), this sensitivity has not always been confirmed (1067) and 
most evidence from different experimental systems suggests that B cell 
lysis by NK cells during an immune response is not a major mechanism 
by which NK cells modulate B cell response. 

The human suppressor cells activated by immune complexes were 
further identified as NK cells by reactivity with antibody HNK-l/Leu-7: 
the ER-, HNK-l/Leu-7+ cells were more suppressive than were ER+, 
HNK-l/L.eu-7+ cells, suggesting a role for NK cells rather than for 
HNK-l/Leu-7+ T cells (1068). Suppressor ability of NK cells [identified 
by HNK-VLeu-7 (1069) or CD16 (1070) expression] was shown to be 
activated by IFN-a, whereas a subset of suppressor T cells was activated 
by PWM (1069). Within the CD8+ cells, CD8+, CDllb- T cells required 
the presence of CD4+, 2H4+ suppressor/inducer cells to suppress 
PWM-induced B cell differentiation, whereas CD8+, CDllb+ cells 
(mostly NK cells) did not require the inducer cell population and, unlike 
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suppressor T cells, were enhanced in their suppressor effect by IL-2 (1071). 
In addition to their suppressive action on PWM-induced B cell differen- 
tiation, human NK cells suppress ongoing Ig synthesis by in vivo activated 
B lymphoblasts secreting anti-tetanus toxoid antibodies (1069), by EBV- 
induced B cells (1070), and by certain lymphoblastoid cell lines (1072), 
although they enhance Ig synthesis by other cell lines (1072). These results 
suggest that NK cells can interact directly with B cells and modulate 
their activity. The possible involvement of at least some of the mechanisms 
of the lytic process in suppression of the B cell response by NK cells is 
suggested by the competitive effect of a low number of K562 target cells 
(1069), by the ability of antibody 13.1 (anti-gp200) to inhibit both NK 
cell-mediated cytotoxicity and Ig synthesis suppression (1073), and by 
the possible involvement in both mechanisms of the B cell TfR, as 
indicated by the reversal of the inhibitory effect in the presence of iron 
ions (1074). 

Normal human and murine bone marrow contains potent natural 
suppressor cells. The human natural suppressor cells are HNK-l/Leu-7+ 
and devoid of T cell markers, and possibly include mature or immature 
NK cells (1075). In murine bone marrow natural suppressor cells are 
radiation-sensitive Qa-2+ cells that express markers of mature NK cells 
only after stimulation with IL-2-containing conditioned medium, sug- 
gesting that they might be proliferating pre-NK cells (1076). The same 
cells appear to be responsible for “veto” activity, i.e., they are able to 
specifically prevent the generation of CTLs directed against their own 
MHC antigens (1076). 

The presence of HNK-l/Leu-7+ cells in the germinal center of lym- 
phoid follicles was originally considered as morphological evidence for 
the involvement of NK cells in the immune response, but these cells have 
now been identified as CD4+ T cells without NK cell cytotoxic activity 
(154, 1077). 

Treatment of mice with anti-NK-1.1 serum before or at the time of 
immunization with either T cell-dependent or -independent antigens 
induces a severalfold increase in the number of antibody-forming cells 
in the spleen (1066, 1078). Injection of antiserum 8 hours after immuniza- 
tion has no effect, suggesting that the suppressive effect of NK cells is 
mostly at the induction phase of the B cell response (1066, 1078). In vivo 
treatment with anti-asialo-GMl serum enhances the IgM response to 
different types of pneumococcal polysaccharides, in both adult and 
weanling mice (1079). Because weanling mice do not have cytotoxic 
NK cells but do have a normal number of cells with phenotypic char- 
acteristics of NK cells, it is possible that NK cells are able to suppress 
the B cell response even when their cytotoxic activity is absent, because 
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of either immaturity or suppression (1079). In all of these experimental 
systems, in which depletion of NK cells enhances the B cell response, 
in vivo activation of NK cells with poly I:C is accompanied by inhibi- 
tion of the B cell response (1066, 1079). 

In contrast with the studies showing an effect of NK cells mostly on 
the induction phase of the B cell response, Abruzzo and Rowley (1080) 
proposed that NK cells have an homeostatic effect on the antibody 
response by both inhibiting induction and promoting termination of 
the primary IgM response in uzbo when administered in animals up to 
3 days after immunization. Poly I:C or IFN treatments resulted in inhibi- 
tion or termination of the IgM response (1081) and in activation of 
NK cells able to suppress B cell responses in vitro. The involvement of 
NK cells in the normal homeostasis of immunity was suggested by the 
fact that immunization itself induced NK cell activation with a peak 
at 2-3 days using T cell-independent antigens and at 4-5 days using 
T cell-dependent antigens (1081). The suppressive effect of NK cells is 
not antigen specific and the immunized mice showed a generalized IgM 
hyporesponsiveness to unrelated antigens, corresponding to the peaks 
of NK cell activation induced by the primary immunization (1081). This 
hyporesponsiveness was abolished in mice in which NK cell activity was 
depressed by treatment with pristane, by growth of a transplantable 
fibrosarcoma, or by repeated injection of poly I:C (1081). The NK cells 
in this experimental model have been shown to act by suppressing the 
accessory capacity of dendritic cells exposed to antigens (1080). This effect 
on dendritic cells and the suppressive effect of NK cells on the B cell 
response was shown to be mediated by Thy-1- NK cells but not by 
Thy-l+ NK cells (1082). 

Evidence for an enhancing effect of NK cells on the B cell response 
was provided by studies showing that NK cells, in the absence of T cells, 
support the in vitro antigen-specific murine B cell response in T cell- 
replacing, factor-dependent systems or upon in vitro stimulation with 
T cell-independent antigens (1083, 1084). In these systems, the enhanc- 
ing effect of NK cells was mediated by the production of IFN-y 
(1083, 1084). 

The supernatant of unstimulated purified NKH-l/Leu-19+ human 
NK cells was found to enhance ongoing IgE, IgG, and IgA syntheses 
from appropriate B cell lines, without increasing cell proliferation (1085). 
This late-acting B cell differentiation activity was produced by 
CD3-, but not CD3+, NKH-l/ku-19+ cells and was found to be 
different from that of other known lymphokines with partially over- 
lapping activities (1085). PBLs from patients after T cell-depleted 
allogeneic bone marrow transplantation contain an expanded and 
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activated NK cell population; these PBLs spontaneously produce IL-2, 
IFN-7, and B cell differentiation factor and provide non-antigen-specific 
help for Ig production by autologous B cells, more consistently observed 
after treatment of the cells with anti-CD2 antibodies (1086, 1087). Anti- 
CD2 antibodies, which moderately inhibit NK cell cytotoxicity, might 
prevent a suppressive or toxic effect of NK cells on B cells, although 
anti-CD18 antibodies, which suppress cytotoxicity of K562 target cells 
more efficiently than do anti-CD2 antibodies, have no effect on B cell 
response (1086). 

Purified human CD3-, NKH-l/Leu-19+ NK cells are induced to 
express FccR or FcaR on 10-20% of the cells, when exposed to IgE- 
anti-IgE or IgA-anti-IgA immune complexes, respectively. Supernatant 
fluids enhanced IgE or IgA syntheses from Ig-secreting B cell lines in 
an isotype-specific fashion without increasing proliferation (1088). Thus, 
NK cells, but not CD3+ T cells, express isotype-specific FcR and 
produce differentiation factors for that isotype after interaction with 
specific Ig isotypes in complexes (1088). NK cells incubated with IgE 
complexes react with antibody anti-CD23, specific for the low-affinity 
FceR; fragments of the FccR are able to become soluble IgE-binding 
factors able to regulate IgE synthesis (1089) 

Human NK cell clones can produce B cell differentiation factors that 
induce Ig production from B cell lines and can induce Ig synthesis from 
purified B cells only when the NK cell clones are cocultured with the 
B cells (1090). TNF and IFN-7 are among the factors produced by 
NK cell clones and by non-MHC-restricted CTL clones that en- 
hance in vitro antibody formation (R. F. Schmidt, personal com- 
munication). 

B. IMMUNOREGULATORY ROLE OF NK CELLS ON T CELL RESPONSE 

Treatment of mice with anti-asialo-GM1 serum prevents the induc- 
tion of alloantigen-specific CTLs in vivo by immunization with allogeneic 
spleen cells (1091, 1092). The same requirement for asialo-GMl+ cells 
in the generation in vitro of alloantigen-specific CTLs was shown in one 
study (1092), whereas many other studies (1091, 1093-1095) have shown 
that asialo-GM1+ murine NK cells or CD16+ human NK cells suppress 
in Vitro T lymphocyte proliferation or generation of CTLs and that this 
suppressive effect is enhanced by IFN-a. 

NK cells suppress CTL generation and T cell proliferation in allogeneic 
or autologous mixed-leukocyte culture by suppressing or eliminating den- 
dritic cells that have interacted with antigen (1094, 1096). In secondary 
mixed-leukocyte cultures, which are efficiently stimulated by either den- 
dritic cells or macrophages, NK cells suppress only the stimulation by 
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dendritic cells (1097). On the other hand, studies using Percoll-purified 
LGL preparations have suggested that subsets of human LGLs provide 
accessory cell functions for T cell proliferation in autologous and 
allogeneic mixed-leukocyte cultures (1098) and for in vilru generation 
of virus-specific CTLs (1099). However, those studies did not exclude 
contamination of the LGL preparation with accessory cells such as den- 
dritic cells or the HLA-DRf IFN-a-producing cells that copurify with 
LGLs in Percoll gradient. Purified human NK cells are unable to func- 
tion as antigen-processing cells, although they can present alloantigens 
after in mlru activation with phytohemagglutinin and IL-2 (115). Purified 
CD16+ human NK cells are also unable to function as accessory cells 
in various types of T cell-proliferative responses (1100, llOl), although 
they did support phytohemagglutinin-induced T cell proliferation to a 
very low extent (1100) and, in the presence of a source of accessory cells, 
enhanced a mixed-leukocyte reaction (1101). 

XI. Anti-Tumor Activity of NK Cells 

A. STUDIES OF EXPERIMENTAL ANIMALS 

In order for NK cells to play a role in the control of tumor growth, 
they require the ability to interact with and destroy syngeneic tumor 
cells or to indirectly activate other adaptive and nonadaptive mechanisms 
of antitumor resistance. The ability of NK cells to lyse syngeneic cells 
was proven using transformed cell lines as the target (56), but fresh tumor 
cells are almost insensitive to NK cell lysis. Studies in which NK cells 
were enriched and/or activated with IFN or IL-2 showed that allogeneic 
and autologous fresh tumor cells are sensitive to NK cell-mediated 
cytotoxicity (37, 79, 776). However, NK cells are not specifically cytotoxic 
for tumor or transformed cells, and normal cells, e.g., fibroblasts, may 
be as sensitive or more sensitive to NK cell lysis than are tumor cells 
(34, 56). The in vivu existence of NK cytotoxic cells with a possible func- 
tion in the surveillance against tumors suggests the importance of in mvu 
regulatory mechanisms to recruit and activate NK cells locally, in analogy 
with other nonadaptive mechanisms of defense of the organism (34). 

In experimental animals the in vivu effect of NK cells against tumors 
was investigated by evaluating long-term growth of tumors (1102), 
metastasis formation (1103), and short-term elimination of radiolabeled 
tumor cells from the whole animal or from certain organs (e.g., lungs) 
(1104, 1105). The experimental protocols used involved analysis of the 
correlation of NK cell activity and tumor resistance (373, 1106), the use 
of NK cell-deficient mice (e.g., beige mice) (1107, 1108), or the use of 
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experimental procedures able to enhance (e.g., treatment with IFN or 
IFN-inducing substances) (1109-1111) or depress NK cell activity. The 
latter was achieved by the use of 89Sr (442), split-dose irradiation (453), 
anti-asialo-GM1 antiserum (222, 1112), anti-NK cell alloantisera (1113, 
1114), anti-NK-1.1 monoclonal antibodies (ills), and anti-IFN antisera 
(1116). Altogether, these experiments have clearly shown that NK cells 
are effective in viko and can destroy tumor cells. Transplanted NK cell- 
sensitive tumors and experimental tumor metastasis can be inhibited 
by NK cells. The direct role of NK cells in the prevention of metastasis 
formation was confirmed by reconstitution experiments in which for- 
mation of metastasis in NK cell-depleted animals was prevented by adop- 
tive transfer of purified NK cells (1103, 1117) or cloned cell lines with 
NK activity (1118). However, the evidence for an effective role of NK 
cells in resistance to spontaneously arising neoplastic cells is much less 
compelling (1119). 

Metastasis often advances by hematogenous spread: the presence, in 
the blood, of NK cells with cytotoxic activity that can be up-regulated 
may allow them to lyse tumor cells present in the circulation before these 
cells colonize to form metastasis. The experiments of in vivo clearance 
of intravenously injected tumor cells, especially when clearance from 
the lung is measured, mostly measure intravasal destruction of tumor 
cells, because NK cell-mediated effects are observed before appreciable 
extravasation of the tumor cells occurs starting at 4 hours (1120). The 
demonstration that NK cells can eliminate tumor cells in the circula- 
tion does not exclude, however, the possibility that prevention of metastasis 
takes place also at the tissue level. An extravasal antimetastatic effect 
of NK cells in the lung and the liver was demonstrated using mice treated 
sequentially with MVE-2 and anti-asialo-GMl antiserum, which have 
increased NK cell activity in both the lung and the liver but depressed 
circulating NK cells. In these mice metastasis formation was suppressed, 
suggesting that organ-associated extravasal NK cell activity is a possi- 
ble mechanism for the antimetastatic therapeutic effects of in vivo treat- 
ment with NK cell-activating substances (1121). 

IL-2-activated lymphocytes (i.e., LAK cells) suppress metastasis for- 
mation. The role of NK cells in this activity was determined (1122) by 
comparing the effect of unfractionated rat LAK cells with that of 
enriched IL-2-stimulated NK cells obtained by the plastic adherence 
method (101). The enriched NK cell preparation in combination with 
IL-2, compared to unfractionated LAK cells, demonstrated a dramatic 
and superior antimetastatic effect both at liver and lung levels and 
significantly prolonged survival of the host after treatment (1122). 
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B. STUDIES OF CANCER PATIENTS 

The role of NK cells in the defense against tumors in humans has 
been the subject of hundreds of papers, but a relationship between NK 
cell activity and tumor progression has been difficult to establish (1123). 
The major obstacle to these studies has been the high variability of NK 
cell number and activity among control healthy donors and the diffi- 
culty of a careful quantitation of the results. The difficulties in the quan- 
titative evaluation of NK cell activity and the criteria to be used in order 
to obtain statistically interpretable data have been reviewed in Section 11. 
The data presented in most studies are the result of experiments that 
have been performed in a limited number of patients, lack appropriate 
healthy controls, and do not apply acceptable criteria of quantitation 
and standardization. The studies in which the phenotype of NK cells 
has been analyzed often failed to use appropriate reagents and, in most 
cases, the number of NK cells was expressed only as a proportion of total 
lymphocytes and not as an absolute concentration of cells. Many reports 
should therefore be considered anecdotal and do not add much to our 
knowledge of NK cell functions in Vivo. 

In patients with advanced cancer NK cell cytotoxic activity is usually 
depressed (1124-1128); this depression appears to be secondary to tumor 
invasion and due either to interaction of NK cells with tumor cells or 
to the presence of suppressor cells (746-749). Pross and Baines (1123) 
reported the analysis of data from the first 307 patients in a study of 
a total of 1600 randomly chosen cancer patients. The study was per- 
formed using monocyte-depleted PBLs in an overnight assay using K562 
target cells and applying careful criteria of quantitation and standardi- 
zation of the assay (53). Each donor was tested in repeated assays 
(median, 3). Randomly chosen control healthy donors, patients with no 
evidence of disease, and patients with local disease had comparable 
cytotoxic activity; patients with metastatic disease and, more so, patients 
with advanced metastases, displayed significantly lowered NK cell 
cytotoxic activity (1123). However, the actual differences (0.82 f 0.09 
for advanced metastases versus 1.05 f 0.07 for patients with no evidence 
of disease) were not marked, and certainly were not as high as those 
reported by the same authors (1127) for patients with liver metastases 
or by others using, in most cases, unfractionated mononuclear cells (1124, 
1125, 1128). 

The depression of NK cell activity in cancer patients is probably due 
to several different mechanisms, reflecting the complexity of NK cell 
regulation in vivo. Competition or inactivation by tumor cells, reduced 
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number of NK cells, reduced responsiveness to IFN or IL-2, ability to 
produce IFN or IL-2, presence of suppressor cells (including monocyte/ 
macrophages acting through release of prostaglandins), presence of 
inhibitory substances such as glycoproteins and glycolipids, and other 
mechanisms have been described as responsible for NK cell depression 
in cancer patients (reviewed in Ref. 1123). 

Most of the studies of NK cell cytotoxic activity in cancer patients 
have been performed using cells from peripheral blood. It is therefore 
possible that the decrease in NK cell function or number is in part due 
to altered circulation of the cells or their sequestration at tumor sites 
or in draining lymph nodes. However, virtually no NK cell activity is 
found in malignant effusions or among tumor-infiltrating lymphocytes 
(747, 1129-1131). The lack of NK cell activity at tumor sites could be 
due in part to an in situ inhibition of NK cell activity, because in some 
studies (1132-1135) functional cytotoxic NK cells have been enriched from 
ascites fluid and tumor-infiltrating lymphocytes using Percoll gradient 
fractionation. Highly cytotoxic CD2+, CD3-, CD16+ cells have been 
grown in IL-2-containing medium from the ascitic fluid or pleural effu- 
sions of patients with advanced ovarian or metastatic breast cancer (11.36). 
NK cell activity was demonstrated in breast tumor draining lymph nodes, 
whereas it was almost absent in normal lymph nodes (572); however, 
NK cell activity was suppressed in the lymph nodes more proximal to 
the tumor and/or with tumor infiltration (572), indicating that both 
alteration of NK cell localization and in situ suppression takes place in 
cancer patients. 

The regulation of NK cell activity in patients with hematopoietic 
tumors is somewhat different from that observed in patients with solid 
tumors. Patients with preleukemia or myelodysplastic syndrome have 
generally reduced NK cell activity (1137-1141). The number of pheno- 
typically identifiable NK cells is, however, normal in most patients and 
defects in the ability of patients’ cells to produce IFN-a or to respond 
to IFN-a have been reported (1138, 1140). The alteration in the bone 
marrow environment in these patients is probably responsible for defi- 
cient production/differentiation of NK cells, analogously to the situa- 
tion in 176-estradiol-treated mice in which noncytotoxic NK-1.1 + NK 
precursor cells are found (210). A depression of NK cell activity is also 
observed in patients with acute or chronic leukemia; B cell and myeloid 
chronic leukemia patients often present a significant proportion of cells 
with the CD3+, CD16+ phenotype and non-MHC-restricted cytotoxicity 
(1142, 1143). Cells with this phenotype are rare or absent in healthy donors 
(135). In patients with pure RBC aplasia associated with B cell chronic 
lymphocytic leukemia, CD3+, CD16+ cells have been shown to suppress 
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RBC colony formation in metro and have been proposed to be responsi- 
ble for the in mvo erythropoietic defect (1142, 1144; reviewed in Ref. 1145). 

If NK cells play a role in surveillance against malignancies, low NK 
cell activity should have a prognostic value in determining the risk of 
developing tumors. Patients with genetic diseases such as CHS or X-LPD, 
with a primary and secondary depression of NK cell activity, respec- 
tively, have a high probability of developing an LPD. In these cases, 
the etiology of the disorder is probably viral and the role of NK cells 
may reflect their antiviral, rather than their antitumor, activity (C. Lopez, 
as quoted in Ref. 1146). In familial melanoma, relatives of the patients, 
who have an increased risk of developing the tumors, also showed a 
depressed NK cell cytotoxic activity, suggesting a possible role of NK 
cells resistance to tumor growth (1147). Unlike patients with other solid 
tumors, those with primary noninvasive melanoma have low NK cell 
activity (1147, 1148). Strayer et al. (1149) reported NK cell cytotoxicity 
lower than controls in family members of patients with a higher incidence 
of tumors and observed that NK cell activity varied inversely with the 
number of family members with cancer. However, in another study of 
155 women at high relative risk for breast cancer (1150), no difference 
in NK cell activity was found compared to normal controls, with the 
exception of women with benign breast syndrome, who had slightly 
elevated NK cell cytotoxicity, possibly because of systemic hormonal 
changes. Because NK cell activity in healthy donors is variable and the 
disease itself affects NK cell activity, it is still unknown whether NK cells 
really have any role in tumor surveillance despite many years of investiga- 
tion for a possible relationship between low versus high NK cell activity 
and the probability of developing primary tumors (1151). Only when 
studies of an extremely large number of patients have been performed, 
using quantitative and standardized methods, will a possible significant 
correlation (or lack of correlation) between NK cell cytotoxic activity 
and tumor development be obtained. 

Some information is, however, available on the prognostic value of 
NK cell cytotoxic activity for the probability of developing metastasis 
in patients with primary tumors. The recurrence of distant melanoma 
metastases has been found to be significantly lower in patients with high 
NK cell cytotoxicity than in those with low activity (1148). Schantz et al. 
(1152) indicated a strong inverse correlation between high NK cell activity 
and formation of metastasis in patients with head and neck cancer. Pross 
(1146, 1153), in a 14-year ongoing comparative study of NK cell activity 
and clinical course in patients with solid tumors, reported a definitive 
trend correlating high NK cell activity with increased survival time, but 
this did not quite reach significance (p < 0.06; n = 430). In those 
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patients who have been tested multiple times while metastasis free and 
who subsequently develop metastasis, the correlation between average 
NK cell activity and time from diagnosis to metastasis was significant 
(p < 0.029; n = 91). By contrast, in patients who were disease free (as 
opposed to metastasis free) at the time of NK cell testing, NK cell activity 
had no prognostic significance (1147). 

XII. Alterations of Human NK Cell Number and Function 
in Other Pathological Conditions 

Numerous studies have been published evaluating the cytotoxic activity 
or, more rarely, the number of human NK cells in almost any pathological 
condition. Alterations of NK cell activity, most often a decrease in cytotox- 
icity, have been reported in patients with different types of disease. Unfor- 
tunately, as discussed in the case of cancer patients, most of these studies 
are performed on a limited number of patients, lack adequate controls, 
and do not use standardized quantitative methods for NK cell analysis. 
In the previous sections many of these studies, relevant for the under- 
standing of regulation and function of NK cells, have been reviewed. 
In this section, other pathological conditions in which NK cells might 
play a role or in which NK cells are functionally altered will be briefly 
reviewed. In the interpretation of these studies it is important to con- 
sider that, with few exceptions, it is not possible to determine whether 
the alteration in NK cell activity is primary or secondary to the 
pathological condition or to the therapy used. 

Decreased NK cell-mediated cytotoxicity is generally observed in con- 
nective tissue disorders, particularly in systemic lupus erythematosus 
(SLE), rheumatoid arthritis, and Sjogren’s syndrome (reviewed in Ref. 
1154). Peripheral blood mononuclear cells from a high percentage of 
SLE patients have a reduced ability to produce IFN-a  in vitro, but most 
patients have measurable circulating IFN-a, suggesting that the defect 
of NK cell activity might be secondary to continuous exposure to IFN-a 
in mvo (1155). Because of the predominantly suppressive effect of NK cells 
on B cell activation, the defect in NK cell activity in these patients could 
favor the activation of B cells producing autoreactive antibodies. This 
possibility is supported by the observations in mice carrying the autosomal 
recessive lpr gene. These mice spontaneously develop an SLE-like syn- 
drome, accompanied by profoundly decreased NK cell activity in spleen 
and peripheral blood (1156) but by elevated hepatic NK cell activity (1157). 
The spontaneous decrease in NK cell activity in lpr mice was observed 
to be associated with an increased autologous plaque-forming B cell 
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(APFC) response (1156). The APFC response was diminished when 
NK cell activity was increased with poly I:C treatment, whereas abla- 
tion of NK cells with anti-asialo-GMl antisera before poly I:C treatment 
increased the APFC response (1156). The massive T cell proliferation 
associated with autoimmune disease in Zpr mice was shown to be similarly 
regulated by NK cell activity. Neonatal thymectomy increased NK cell 
activity and retarded the development of lymphoproliferation and 
autoantibody formation, whereas thymectomized mice treated with anti- 
asialo-GM1 antisera developed LPD and splenomegaly (1158). 
(NZB X NZW)Fl mice also spontaneously develop an autoimmune disease 
resembling SLE. In these animals, however, progression of the auto- 
immune disease is accompanied by development of a high level of natural 
killing (1159). Suppression of NK cells in vivo using 89Sr reduces both 
the autoimmunity and the pathologic lesions of SLE, suggesting that 
in (NZB X NZW)FI mice, unlike in Zpr mice, NK cells play a role in the 
acceleration of autoimmunity (1159). 

In diabetic B B / W  rats a role for NK cells in the destruction of islet 
cells has been suggested on the basis of (1) increased NK cell activity 
in diabetic or diabetes-prone rats in comparison to diabetes-resistant 
rats, (2) ability of NK cells from BB/W rats to lyse in vilro dispersed 
islet cells, and (3) prevention of diabetes when NK cells are eliminated 
by in vi’vo treatment with anti-CD8 (0x8)  antibodies (1160-1162). In 
Type I diabetes patients, however, NK cell-mediated cytotoxic activity 
against K562 cells is lower than in normal controls (1163-1165). The low 
NK cell activity in these patients is probably genetically determined 
because nondiabetic identical twins of the patients have been reported 
to have low NK cell activity (1165). The cytotoxicity of PBLs from active 
diabetic patients against dispersed islets was, however, higher than that 
of PBLs from healthy individuals or patients in remission, suggesting 
the possibility that subsets of NK cells might be differentially regulated 
in diabetes (1164). The exact nature of the cells cytotoxic for the islets 
and the mechanism of cytotoxicity remain, however, to be determined. 

Multiple sclerosis patients with acute remitting or chronic progressive 
disease have been shown by numerous investigators to have reduced NK 
cell-mediated cytotoxicity and ability to produce both IFN-a and IFN-7 
(reviewed in Ref. 1166), although in other studies a normal NK cell 
activity has been reported (56, 1167). Because a similar MHC-linked 
genetic control has been suggested for both low NK cell activity and 
multiple sclerosis (56, 356), it is possible that the NK cell defect in the 
patients is genetically determined and has relevance in the 
etiopathogenesis of multiple sclerosis, a disease of probable viral origin. 
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However, the association of low NK cell activity with an active status 
of the disease (1166) may suggest that the defect in NK cell activity is 
secondary and irrelevant for the etiopathogenesis of multiple sclerosis. 

Alteration of NK cell activity has been described following organ (e.g., 
kidney) transplantation. In general, a depression of circulating NK cell 
activity was observed for up to 2 years following transplantation, but 
an increase in NK cell cytotoxicity was reported during rejection episodes 
(1168, 1169). These alterations of NK cell cytotoxicity are probably secon- 
dary to the immunosuppressive therapy and to the response of the host 
adaptive immune system against the graft. In experimental animals 
cytotoxic NK cells have been shown to infiltrate sponge matrix grafts 
or kidney graft at an early time of rejection (peak at day 4) and to disap- 
pear at a later time, when CTLs appear (1170, 1171). In Vivo treatment 
with anti-asialo-GM, antisera abrogated NK cell activity and delayed 
appearance of CTLs (1170): these results suggest that NK cells might 
directly participate in graft rejection and may act as accessory cells for 
CTL generation. There is, however, no evidence that NK cells are involved 
as effector cells in organ rejection following clinical transplantation (1172). 

Depressed NK cell cytotoxicity is one of the many immunological 
defects observed in patients with AIDS, AIDS-related complex, or 
lymphoadenopathy syndrome (1173-1176). NK cells from these patients 
are characterized by a defect at the postbinding stage of lysis (1173-1176). 
After binding to target cells, they fail to polarize tubulin (1176) and to 
release NKCF (1174). In addition to the defect in the lytic mechanism, 
a selective depletion of lymphocytes with the phenotype of NK cells was 
observed among human immunodeficiency virus (H1V)-positive infected 
patients (1177). The decrease in NK cells was both relative and absolute: 
the CD8+, CD16+, NKH-l/Leu-19+ subset of NK cells was much more 
decreased than was the CD8-, CD16+, NKH-l+ subset (1177). Because 
no functional differences between the CD8+ and CD8- subsets of NK 
cells have been described, the significance of the selective depletion of 
one subset only is difficult to interpret. 

Cytolytic activity of human mononuclear PBLs from healthy donors 
cultured in IL-2 was abrogated after 3 days of cultures by in vitro infec- 
tion with HIV (1178). HIV antigens were expressed on infected cells after 
only 14 days of culture. At this time all CD4+ cells and most CD16+ 
cells expressed HIV antigens, suggesting that HIV might also have a 
tropism for NK cells (1178). The possibility that HIV might infect NK 
cells directly is an interesting finding that deserves further investigation. 
PBLs from AIDS patients have a reduced expression of IFN-a, but not 
IFN-7, receptors (1179). The down-modulation of the IFN-a receptor 
may be due to the continuous exposure to the circulating serum acid- 
labile IFN-a observed in the patients; continuous exposure to IFN-a 
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might also be responsible for the inactivation of NK cell cytotoxicity. 
The peripheral blood mononuclear cells from AIDS patients are severely 
deficient, compared to cells from healthy individuals, in their ability 
to produce IFN-a in response to HSV-1-infected fibroblasts (1180). The 
defect in IFN-a production has been reported to correlate with suscep- 
tibility to opportunistic infection better than the decrease in NK cell 
cytotoxicity (1180). Thesa data suggest absence or a functional deficiency 
of the IFN-a-producing HLA-DRf cells, which are necessary accessory 
cells for NK cell cytotoxicity against virus-infected cells. 

HIV proteins, or fragments of them, might be responsible for the NK 
cell defect as well as for other immunological defects in AIDS patients. 
Two synthetic peptides constructed on the basis of two sequences of the 
HIV transmembrane gp41 (llsl), and one peptide with homology to a 
region of p15E conserved among numerous retroviruses (1182), are potent 
suppressors of several immunological responses, including NK cell- 
mediated cytotoxicity. These peptides inhibit lysis by interfering with 
postbinding lytic mechanisms (1181, 1182). It is interesting to note that 
NK cells, treated with these peptides, are able to bind to target cells, 
but fail to polarize the Golgi apparatus toward the target cells, thus 
appearing to be blocked at the same postbinding stage described as the 
NK cells from AIDS patients with defective cytotoxic ability. 

AIDS patients have very complex immunological and hematological 
defects, and it is difficult at this time to define the role of decreased 
NK cell activity in the pathogenesis of the disease. However, because 
NK cells have antimicrobial and antitumor activities and are able to 
affect hematopoiesis, it is of theoretical and practical importance to deter- 
mine whether NK cells in AIDS patients play roles in preventing oppor- 
tunistic infections or sarcoma development and in determining the 
hematopoietic dysfunctions observed in these patients. 
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1. Introduction 

The human immunodeficiency virus (HIV) has already infected an 
estimated 1-1.5 million individuals (A. R. Lifson et al. ,  1988) and is 
expected to infect at least 5 million people worldwide by 1993 0. M. 
Mann et al., 1988). Although the vast majority of HIV-infected 
individuals are at present without symptoms, HIV has the ability to cause 
an insidious and progressive deterioration of the host’s immune func- 
tion, leading to profound immunosuppression (Bowen et al., 1985). HIV- 
induced immunosuppression results in the emergence of opportunistic 
infections and neoplasms that are pathognomonic for the acquired 
immunodeficiency syndrome (AIDS). Infection with HIV also results 
in a syndrome of neurological abnormalities, which has been termed 
the AIDS-dementia complex (Price et al . ,  1988). 

In the United States alone, as of January 1989, more than 84,000 cases 
of AIDS have been diagnosed. More than 47,000 of these individuals 
have died (Centers for Disease Control, 1989). It is currently estimated 
that between 26 and 36% of HIV-infected individuals will develop AIDS 
within 7 years of infection, while an additional 40% will develop other 
signs of immune dysfunction (Curran et al. ,  1988). Thus, even if the 
transmission of HIV were completely halted, an estimated 365,000 cases 
will have occurred by 1992 if no effective treatment is found which will 
prevent the onset of AIDS in HIV-infected individuals (U.S. Public Health 
Service, 1988). 

Efforts to control AIDS require a fundamental knowledge of the 
etiological agent itself, the mechanisms by which HIV destroys the 
immune system, and the nature of the immune response against HIV. 
Fortunately, longstanding basic research both on retroviruses and on the 
immune system laid the groundwork for rapid advances in the accrual 
of knowledge of HIV and the immunopathogenic mechanisms of HIV 
infection. This chapter will present a review of our state of knowledge 
concerning the structure and function of the HIV genome, virus cell 
tropism, cytotoxic and noncytotoxic effects of HIV on both the immune 
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system and the central nervous system (CNS), latent HIV infection and 
virus activation, and the immune response to HIV. 

II. The Etiological Agent 

A. HIV 

The discovery and isolation of the first recognized human retrovirus, 
human T cell leukemia-lymphoma virus (HTLV)-I, from mature T cells 
of individuals with adult T cell malignancies (Poiesz et al., 1980, 1981) 
only a few years before the first cases of AIDS were described were crucial 
steps in the identification of another human retrovirus of the lentivirus 
subfamily, HIV, as the cause of AIDS. HIV, originally termed human 
T lymphotropic virus (HTLV)-111, lymphadenopathy-associated virus 
(LAV), or AIDS-associated retrovirus, was shown to be a distinct member 
of the HTLV group of viruses (Barrk-Sinoussi et al., 1983; Gallo et al., 
1984; Levy et al., 1984). Unlike HTLV-I, however, HIV is cytopathic for 
its target cells and causes syncytia formation between infected and 
uninfected cells (Popovic et al., 1984). 

HIV shares many morphological, biological, and molecular proper- 
ties with the nononcogenic, cytopathic lentiviruses of sheep, horses, and 
goats (Gonda et al., 1985, 1986) as well as the more recently described 
bovine immunodeficiency-like virus (Gonda et al., 1987) and feline 
immunodeficiency virus (Pedersen et al., 1987). In addition, a cytopathic, 
T cell tropic virus, simian immunodeficiency virus (SIV), related to HIV 
has been isolated from macaques (Daniel et al., 1985) and has been 
shown to induce an AIDS-like disease in inoculated rhesus monkeys 
(Letvin et al., 1985). Like HIV, these animal lentiviruses can cause per- 
sistent and slowly progressive, fatal infections in their hosts after a pro- 
longed incubation period. The persistent viremic phase is associated with 
a weak neutralizing antibody response, genetic variation of the virus, 
CNS involvement, and cytolytic effects on the target cells (Desrosiers and 
Letvin, 1987). 

The overall structure of HIV resembles that of other retroviruses. The 
virus particle consists of two identical single-stranded RNA molecules 
and viral enzymes within a viral protein core that is surrounded by an 
envelope derived from a combination of the host cell membrane and 
virus-specific glycoproteins (Varmus, 1988). The dense viral core of HIV 
is bar shaped, most closely resembling viruses within the lentivirus family 
(Rabson and Martin, 1985). In addition, nucleotide sequence analysis 
of the polymerase genes of several lentiviruses and oncogenic retroviruses 
revealed that HIV is more closely related to ungulate lentiviruses than 
to other retroviruses (Chiu et al., 1985). 
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B. THE LIFE CYCLE OF HIV 

During initial attempts to isolate and culture HIV from AIDS patients, 
it was noted that HIV displayed a tropism for T4 lymphocytes (Gallo 
et al., 1984; Popovic et al., 1984; Klatzmann et al., 1984b). It was subse- 
quently shown that the CD4 molecule, a 55- to 58-kDa glycoprotein 
originally described as a T cell differentiation antigen (Reinherz et al., 
1979; Reinherz and Schlossman, 1980; Ledbetter et al., 1981), is a high- 
affinity receptor for HIV (Dalgleish et al., 1984; Klatzmann et al., 1984a). 
The binding of the viral external glycoprotein, gp120, to the CD4 receptor 
that is present on the surface of T4 lymphocytes (McDougal et al., 1986) 
is the first step in the HIV life cycle (Fig. 1). Although early work sug- 
gested that HIV entered the cell via receptor-mediated endocytosis 
(Maddon et al., 1986), it was subsequently shown that HIV could enter 
T4 lymphocytes even when receptor-mediated endocytosis is inhibited 
by treatment with lysomotropic agents (Stein et al., 1987; McClure et al., 
1988). Later studies utilizing CD4+ cells whose CD4 molecules were 
unable to undergo endocytosis confirmed that HIV infection of cells can 
occur by direct fusion of the HIV envelope with the host cell membrane 
(Hoxie et al., 1988; Bedinger et al., 1988; Maddon et al., 1988). The 
prospect that other human proteins may be required for HIV infection 
is suggested by the observation that murine cells that express human 
CD4 and can bind HIV are nevertheless resistant to HIV infection 
(Maddon et al., 1986). It has been hypothesized that human leukocyte 
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antigen (HLA)-DR may be involved in the binding site for HIV on cells 
expressing major histocompatibility complex (MHC) class I1 antigens 
(D. L. Mann et al., 1988). 

Like other retroviruses, upon entry of the virion into the cell, the 
enveloped particle is converted into an enzymatically active nucleopro- 
tein complex (Varmus, 1988). After the virion-associated reverse transcrip- 
tase transcribes the RNA genome into unintegrated double-stranded 
DNA, the virally encoded endonuclease (integrase) enables the viral DNA 
to integrate into the host cell’s chromosomal DNA (Rabson, 1988). In 
most retroviral systems the unintegrated viral DNA is a short-lived 
intermediate stage between the virion RNA and the integrated viral 
DNA. In other retroviral systems persistence of unintegrated retroviral 
DNA has been associated with a cytopathic effect (Keshet and Temin, 
1979; Weller et al., 1980). In HIV infection, a substantial amount of 
HIV DNA exists in an unintegrated form, potentially contributing to 
the cytopathicity observed in HIV infection (Shaw et al., 1984). 

Once the HIV proviral DNA is integrated into the host cell’s 
chromosomal DNA, viral replication may enter a restricted, latent phase, 
depending on the state of activation of the infected cell (Ho et al., 1987a). 
In an activated cell, host cell signals initiate the transcription of viral 
DNA into genomic RNA and mRNA. The mRNAs are spliced and 
translated into viral proteins that subsequently undergo posttranslational 
modifications, including cleavage and glycosylation. The virion RNA 
and core proteins associate with viral envelope proteins that are located 
at the cell membrane, and the mature virion forms by budding from 
the cell surface. Viral regulatory proteins (see Section II,C,l) influence 
the levels of viral RNA transcription, splicing of mRNAs, and packag- 
ing of mature virions (Ho et al., 1987a; Varmus, 1988). 

C. THE HIV GENOME 

1. Structure and Function of the Genome 

Rapid molecular cloning (Hahn et al., 1984; Alizon et al., 1984; Luciw 
et al., 1984) and the complete sequencing (Ratner et al., 1985; Wain- 
Hobson et al., 1985; Sanchez-Pescador et al., 1985; Muesing et al., 1985) 
of HIV have resulted in a detailed depiction of the viral genome. Depend- 
ing on the particular HIV isolate, the length of the genome is approxi- 
mately 9.2-9.7 kb. Analogous to other retroviruses, the coding sequences 
for the core proteins (gag), retroviral enzymes (pol), and envelope pro- 
teins (env) are located within the flanking long terminal repeats (LTRs). 
The LTR contains characteristic regulatory elements, such as the 
polyadenylation signal sequence and the TATAA promoter sequence, 
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in addition to czs-acting regions which are involved in the regulation 
of HIV expression. These regions include a negative regulatory element 
(NRE), an enhancer region (NFkB), Spl binding sites, and trans-acting 
responsive (TAR) sequences (Starcich et al., 1985; Rosen et al., 1985; 
Wright et al., 1986). 

The gag gene product is a p55 polyprotein precursor that is processed 
into the viral core proteins, p17, p24, and p15. The pol gene encodes 
three enzymes: reverse transcriptase, integrase, and protease. The func- 
tions of the reverse transcriptase and integrase were discussed in Section 
I1,B. The HIV protease gene product has been shown to cleave the gag 
p55 translation product into p24 and p17, a function that is required for 
viral infectivity (Kohl et al., 1988). The primary env gene product is a 
polyprotein, gp160, that is processed intracellularly into an env protein, 
gp120, and a transmembrane protein, gp41 (diMarzo Veronese et al., 
1985). It has been shown that the endoproteolytic cleavage of gp160 into 
gp120 and gp41 is required for viral infectivity (McCune et al., 1988b). 

In addition to the gag, pol, and env genes, HIV contains at least six 
other regulatory genes which may play an important role in the 
pathogenesis of HIV infection. The tat gene, located immediately 5‘ 
to the env gene (Arya et al., 1985; Sodroski et al., 1985) encodes a 14- 
to 15-kDa protein (Arya and Gallo, 1986) that is essential for HIV replica- 
tion (Dayton et al., 1986; Fisher et al., 1986a). The target for tat- 
mediated up-regulation of HIV expression is the TAR region of the LTR 
(Rosen et al . ,  1985). Although it was originally thought that tat func- 
tioned primarily at a posttranscriptional level (Rosen et al., 1986; 
Feinberg et al., 1986), later studies suggested that tat directs an increase 
in the accumulation of HIV mRNA (Peterlin et al., 1986; Muesing et al., 
1987) either by removing a block to the elongation of mRNA transcripts 
(Kao et al., 1987) or by increasing the transcription rate of the HIV LTR 
(Rice and Mathews, 1988). 

The rev gene (previously designated trs or art) encodes a protein of 
approximately 20 kDa that acts posttranslationally to secure expression 
of gag and env proteins (Feinberg et al. ,  1986; Sodroski et al., 1986a; 
Knight et al., 1987) and is required for HIV replication (Terwilliger et al., 
1988). In the absence of rev, gag and env mRNA transcripts are multiply 
spliced, resulting in the absence of gag and env proteins (Feinberg et al. ,  
1986; Knight et al., 1987). In addition, rev may also function as a down- 
regulator of viral mRNA transcription (Sadaie et al., 1988). 

The function of the nefgene (previously designated 3 ’ open reading 
frame, B, E’, or F) was initially observed by Fisher et al. (1986b), who 
showed that nef deletion mutants displayed enhanced cytopathicity. Addi- 
tional experiments demonstrated that the highly cytopathic nef mutants 
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replicated to higher levels than wild-type virus and produced more viral 
DNA (Luciw et al., 1987). The 27-kDa nef protein (Arya and Gallo, 
1986) has been shown to suppress HIV replication when added in trans 
and to down-regulate transcription from the HIV LTR by interacting 
with the NRE domain (Ahmad and Venkatesan, 1988). In addition, the 
nef protein shares structural homology with the ATP-binding site of 
protein kinases (Samuel et al., 1987); is phosphorylated by protein kinase 
C; displays GTPase, autophosphorylation, and GTP-binding activities; 
and can down-regulate CD4 expression (Guy et al., 1987). Thus, nef 
may be important in the maintenance of low-level or latent HIV infection. 

Like nef, the product of the my gene (previously designated SOT, A, 
P’, or QJ, a protein of approximately 24 kDa (Lee et al., 1986; Arya 
and Gallo, 1986), is not necessary for HIV replication or cytopathicity 
in CD4+ lymphoid cell lines (Sodroski et al., 198613). However, viruses 
that have deletions in the mygene are approximately 100- to 1000-fold 
less infectious than wild-type virus, apparently spreading in cultures 
through cell-to-cell contact rather than by free virus infection (Strebel 
et al., 1987; Fisher et al., 1987). 

The function of the eighth gene of HIV, vpr, which codes for a protein 
that reacts with the sera of some HIV-infected individuals, is presently 
unknown (Wong-Staal et al . ,  1987). The ninth HIV gene, vpu, has 
recently been identified and shown to code for a 16-kDa protein that 
is recognized by the sera of HIV-infected individuals (Cohen et al., 1988; 
Strebel et al., 1988; Matsuda et al., 1988). While expression of the major 
viral proteins was not altered by a defective vpu gene, a five- to tenfold 
decrease in progeny virions was observed in T cells after infection with 
a vpu mutant HIV, suggesting an effect of vpu on assembly or matura- 
tion of a new virus (Strebel et al . ,  1988). Although there is, at present, 
no identified tenth gene or gene product, Miller (1988) has identified 
a region on the DNA plus strand of the HIV-replicative intermediate 
that may represent another functional domain. 

It is clear that HIV is an extremely complex virus with genes that 
may facilitate high levels of virus production and cell death, restricted 
chronic virus replication, or latent infection (Fig. 2). The HIV-regulatory 
genes can interact with each other in a regulatory network that may 
switch from one pathway to another, depending on cellular factors 
(Haseltine, 1988). The interaction of cellular factors and the HIV genome 
is thought to play a major role in the maintenance of the long and 
variable asymptomatic phase in the infected individual and the subse- 
quent progressive immunological deterioration This work will be 
discussed in detail in Section II1,G. 
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2. Heterogeneity of HIV Isolates 

The ability of HIV to evade the host’s immune response and persist 
in the infected individual for long periods may be the result of the genera- 
tion of antigenic variants. Variation of HIV isolates from one patient 
to another has been shown by restriction endonuclease analyses (Luciw 
et al., 1984; Shaw et al., 1984; Wong-Staal et al., 1985; Benn et al., 
1985; Laure et a l . ,  1987). Comparison of the nucleotide sequences of 
different HIV isolates demonstrated that variation exists throughout the 
HIV genome, with the region of greatest variability occurring in the 
env gene (Starcich et al., 1986; Alizon et al., 1986). Within the env gene, 
both conserved and hypervariable regions have been identified (Starcich 
et al., 1986; Willey et al., 1986; Gurgo et al., 1988). 

Hahn et al. (1986) have shown that HIV isolates obtained sequen- 
tially from individual patients over time also display heterogeneity 
throughout the viral genome, with a tenfold higher rate of divergence 
for env sequences than for gag sequences (lop3 and nucleotide 
substitutions per site per year, respectively). While mutation rates for 
retroviruses as a group are notably high (Dougherty and Temin, 1988; 
hider  et a l . ,  1988), the low fidelity of the HIV reverse transcriptase may 
be the cause of the exceptionally high variability Seen in the HIV genome. 
Takeuchi et al. (1988) have shown that the fidelity of the reverse transcrip- 
tase of HIV was approximately one third that of other retroviruses. Using 
different assays, other researchers have demonstrated that the HIV-1 
reverse transcriptase has an error rate ranging from one in 1700 to one 
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in 4000 errors per detectable nucleotide incorporated, approximately 
ten times higher than polymerases from other retroviruses (Preston et al . ,  
1988; Roberts et al., 1988). 

It has been well established that independent HIV isolates exhibit 
differences in cell tropism, replicative capacity, and cytopathic 
characteristics (Evans et al.,  1987; Dahl et al., 1987; Fenyo et al., 1988). 
Investigators have determined that, in mvo, independent isolates of HIV 
are comprised of multiple variants with different target cell susceptibilities 
(Bolton et al . ,  1987; von Briesen et al., 1987; Saag et al.,  1988; Fisher 
et al.,  1988b; Sakai et al., 1988). Sakai et al. (1988) have also shown 
that HIV variants isolated simultaneously from the same patient display 
differences in replicative capacity and cytopathicity. Thus, in vivo, 
numerous genetic and biological variants of HIV can develop over time 
and coexist in a single individual. The significance of the genetic and 
biological changes in the immunopathogenesis of HIV infection is unclear 
at present. As is the case in infection with equine infectious anemia virus 
(Montelaro et al., 1984), genetic variation in HIV may enable the virus 
to undergo antigenic drift and escape destruction by the immune 
response. Reitz et al. (1988) have recently reported on the generation 
of a neutralization-resistant variant of HIV after incubation of the parent 
virus in neutralizing antisera. The genetic change resulting in the 
neutralization-resistant phenotype was localized to a single nucleotide 
change in the env gene. The combination of immune pressure and genetic 
variability may result in the generation of viruses with increased virulence. 
In this regard, isolates with high replicative or cytopathic abilities appear 
to be found more frequently in patients with symptomatic HIV infec- 
tion (Asjo et al.,  1986; Cheng-Mayer et al., 1988). 

D. HIV-2 

A second human lentivirus, HIV-2 (previously designated LAV-2 or 
SBL-6669), was originally isolated from AIDS patients in West Africa 
and was shown to be antigenically distinct from the HIV that causes 
AIDS in the United States, Central Africa, and other parts of the world 
(Clavel et al., 1986b; Albert et a l . ,  1987). With the discovery of HIV-2, 
the previously described isolates of HIV were designated HIV-1. Similar 
to HIV-1, HIV-2 infects CD4+ cells and is found in patients with a syn- 
drome that is clinically indistinguishable from AIDS. However, antisera 
to the HIV-2 env glycoprotein do not recognize HIV-1 (Clavel et al., 1987; 
Albert et al . ,  1987). In addition, there is no cross-reactivity in antibody- 
dependent cellular cytotoxicity (ADCC) between HIV-1 and HIV-2 
(Ljunggren et a l . ,  1988b). HIV-1 and HIV-2 do, however, share cross- 
reactive epitopes of the core structural proteins (Brun-Vezinet et al., 1987). 
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Molecular cloning and genetic analysis of the genome of HIV-2 has 
revealed that HIV-2 is a novel member of the human lentivirus family 
and is not an envelope variant of HIV-1 (Clavel et al., 1986a; Franchini 
et al., 1987a). The genome of HIV-2 contains coding regions analogous 
to the HIV-1 tat, rev, vzx and vpr genes. In HIV-2, the coding region 
for nefcontains a large insertion in the amino terminus (Guyader et al., 
1987). The HIV-1 tat gene has been shown to transactivate both the HIV-1 
and HIV-2 LTRs to the same degree. However, HIV-2 tat transactivates 
the HIV-2 LTR to a greater extent than the HIV-1 LTR (Guyader et al., 
1987; Arya et al., 1987). Whereas the two tat gene products are thought 
to act via a common mechanism, the differences in trans-activating effi- 
ciencies may be due to a requirement by HIV-2 tat for additional unique 
target sequences in the HIV-2 LTR (Emerman et al., 1987). 

There are two major differences in the genomes of HIV-1 and HIV-2. 
Researchers have identified a novel gene, vpx, found only in HIV-2 and 
SIV that encodes for an immunogenic 14-kDa virion-associated protein. 
While its function is presently unknown, the vpx protein has been shown 
to bind to single-stranded nucleic acids in vitro and does not appear 
to be essential for virus infectivity or replication (Henderson et al., 1988; 
Yu et al . ,  1988; Kappes et al., 1988; Franchini et al., 1988). The second 
major genomic disparity between HIV-1 and HIV-2 is that the 
HIV-l-encoded vpu protein is not found in HIV-2-infected cells, nor does 
HIV-2 have the capacity to encode for the vpu protein (Cohen et al., 
1988; Matsuda et al., 1988). 

HIV-2 appears to possess the same degree of biological variability as 
HIV-1, including variation in the degree of in Vitro cytopathic effects 
(Clavel et al., 1987). In this regard there have been two recent reports 
of strains of HIV-2 that replicate well in CD4+ cells but do not cause 
any cytopathic effects (Evans et al., 1988; Kong et al., 1988). 

111. lmmunopathogenlc Mechanisms 

A. THE CD4-HIV INTERACTION 

The interaction of HIV with the CD4 molecule that is present on the 
surface of the helpedinducer subset of T lymphocytes is the critical event 
in the pathogenesis of HIV infection (Fauci, 1987). Since the T4 cell 
plays a pivotal role in the induction of most immunological responses, 
HIV-induced damage to the T4 cell population results in the abroga- 
tion of a wide range of immune functions, ultimately leading to extreme 
immunosuppression and opportunistic diseases (Bowen et al., 1985). 

As discussed in Section II,B, HIV binds with high affinity to the CD4 
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molecule via the env glycoprotein, gp120. In fact, the affinity of a120  
for CD4 is higher than that of the MHC class I1 molecule, the natural 
ligand of CD4 (Dalgleish et al., 1984; Klatzmann et al., 1984a; McDougal 
et al . ,  1986). It has been well documented that, in Vitro, HIV-1 infec- 
tivity can be inhibited by the addition of soluble recombinant CD4 
molecules (Smith et al., 1987; Fisher et al. ,  1988a; Hussey et al., 1988; 
Deen et a l . ,  1988; Traunecker et al., 1988). HIV-infected cells can also 
be killed by soluble recombinant CD4 which has been conjugated to 
the A chain of the toxin ricin (Till et al., 1988). Recombinant gp120, 
CD4, or a monoclonal antibody to the gp120-CD4 binding site could 
abrogate this killing. 

Using monoclonal antibodies to various regions of CD4, Sattentau 
et al. (1986) found that there are two discrete epitopes of CD4 that are 
critical for virus binding. The location of the HIV binding site on the 
CD4 molecule has been further confined to the amino-terminal half of 
the extracellular region of CD4 (Berger et al . ,  1988), a loop extending 
from amino acid residues 31-57 of the amino-terminal portion of CD4 
(Mizukami et al., 1988), residues 37-55 (Jameson et al., 1988), residues 
37-83 (Landau et al. ,  1988), residues 83-94 (J. D. Lifson et a l . ,  1988), 
residues 42-49 (Peterson and Seed, 1988), and residues 48-51 and 121-123 
(Clayton et al., 1988). Researchers have also noted that sequences in 
domain I1 of CD4, adjacent to the amino terminus, may encourage effi- 
cient gp120 binding by contributing to the three-dimensional structure 
of the binding site (Landau et al., 1988; Clayton et al., 1988). 

Lasky et al. (1987) have shown by monoclonal antibody mapping that 
the carboxy-terminal region of the gp120 molecule is involved in binding 
to the CD4 receptor. In vitro mutagenesis analysis of this region of the 
a120 resulted in the identification of a stretch of 12 amino acids (410-421) 
which are critical for gpl20-CD4 binding, with decreased binding occur- 
ring following substitution of a single amino acid (417) in this region 
(Dowbenko et al., 1988). In addition, gp120 molecules with mutations 
in the amino terminus and central conserved domains of gp120 were 
unable to bind tightly to CD4, suggesting that regions outside the carboxy 
terminus are important for the high-affinity gp120-CD4 interaction 
(Dowbenko et al . ,  1988). 

B. DEPLETION OF CD4+ CELLS 

Infection of T4 lymphocytes with HIV in vitro results in widespread 
and rapid cell death (Popovic et al., 1984). Although the specific 
mechanisms by which HIV destroys T4 lymphocytes are not known at 
present, it has been postulated that HIV can exert its deleterious effects 
both directly and indirectly. One direct mechanism of cell killing may 



IMMUNOPATHOGENESIS OF HIV INFECTION 387 

be the formation of microholes in the cell membrane, which is the result 
of intense virus budding (R. Leonard et a l . ,  1988) (Fig. 3). It has also 
been suggested that the insertion of HIV env proteins into the cell mem- 
brane causes a change in cell membrane permeability to ions with subse- 
quent increases in intracellular calcium levels. A rise in intracellular 
calcium has been shown to perturbate lipid synthesis and is associated 
with a loss of cell viability (Lynn et al., 1988). 

Other direct mechanisms of cell killing involve the accumulation of 
unintegrated viral DNA in the cell cytoplasm (discussed in Section I1,B) 
as well as the accumulation of high levels of heterodisperse RNAs con- 
taining repetitive sequences that do not contain long open reading frames 
(Koga et al., 1988). It has also been suggested that the binding of HIV 
env proteins to intracellular CD4 molecules may result in cell death 
(Hoxie et al., 1986). In support of this hypothesis, there have been several 
reports of a correlation between expression of the env gene and cytopathic 
effects on T4 cells (Sodroski et al., 1986c; Fisher et al . ,  1986b). In 

FIG. 3. Massive release of HIV particles from the extracellular membrane of T4 
lymphocytes. [Reprinted with permission from Fauci, A. S. (1988). In Human Retrovziwes 
and Diseases They Came 0. P. Allain, R. C. Gallo, and L. Montagnier, eds.) p. 30. 
Princeton, N.J.: Excerpta Medica.] 
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addition, when HTLV-1-infected T4 or T8 cell clones were superinfected 
with HIV, only the T4 cells were killed (De Rossi et al., 1986). Since 
the virus that was produced from both the T4 and T8 cell clones was 
cytopathic for fresh T4 cells, these data provide additional evidence that 
the interaction of HIV and CD4 is important for cell killing. 

Several indirect mechanisms of T4 cell destruction have been 
implicated in the pathogenesis of HIV infection. The dramatic deple- 
tion of T4 cells that occurs in AIDS patients may be the consequence 
of HIV infection of T4 cell precursors or cells which secrete factors that 
can stimulate the propagation of the entire lymphoid cell pool (Fauci, 
1987). Another mechanism involves the generation of multinucleated 
giant cells, which results in vitro from the high-affinity binding of gp120 
that is expressed on the surface of HIV-infected cells to CD4 molecules 
on neighboring uninfected T4 cells (Lifson et al., 1986a,b; Sodroski 
et ul. ,  1986c; Yoffe e t  a l . ,  1987). It is thought that these syncytia die 
soon after formation and contribute to the indirect cytopathic effects 
of HIV infection. However, experimental evidence from other investigators 
does not support the theory that syncytia formation is the major mecha- 
nism of cell death in HIV infection. Somasundaran and Robinson (1987) 
have shown that, in vitro, HIV can kill peripheral blood lymphocytes 
and a T4+ cell line without syncytia formation. Similarly, R. Leonard 
et al. (1988) demonstrated that cells infected with a mutant HIV show 
substantial syncytia formation with little cell killing. 

Autoimmune phenomena may also play a role in the pathogenesis 
of HIV infection. It has been hypothesized that the binding of soluble 
gp120 to the CD4 receptor on uninfected T4 cells may render the cell 
susceptible to immune clearance (Klatzmann and Gluckman, 1986). In 
this regard, several investigators have found that human anti-HIV sera 
were able to lyse gpl20-bound normal T lymphocytes (Lyerly et al., 1987a) 
and inactivated HIV-coated CD4+ cells (Katz et al., 1988) in an ADCC 
assay. In addition, it has recently been shown that CD4+ T cells can 
effectively process soluble gp120, present the processed antigen to CD4+ 
gpl20-specific cytolytic clones, and be lysed by a CD4-dependent 
autocytolytic mechanism (Lanzavecchia et al., 1988; Siliciano et al., 
1988) (Fig. 4). 

Other investigators have reported that antibodies to normal helper 
T cells are present in the sera of patients with AIDS and AIDS-related 
complex (ARC) (Dorsett et al., 1985) as well as cytotoxic antibodies to 
lectin-stimulated or HIV-infected CD4+ T cells (Stricker et al. ,  1987). 
These autoantibodies may result from a process of antigenic mimicry 
due to a proposed cross-reactivity between the HIV envelope and a 
portion of the MHC class I1 that is recognized by the CD4 molecule 
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FIG. 4. Elimination of uninfected CD4+ T cells exposed to soluble gp120 by HIV- 
specific CD4+ cytotoxic T cells. 

during normal cell-cell interactions (Ziegler and Stites, 1986). Golding 
et al. (1988) have identified a region of the HIV gp41 that is homologous 
to the MHC class I1 B-1 domain. Antibodies to the gp41 peptide are 
found in the sera of some AIDS patients and can bind to the MHC 
class II-derived peptide. 

C. FUNCTIONAL ABNORMALITIES OF T4 CELLS 

While long-term infection with HIV is characterized by a reduction 
in the absolute number of CD4+ cells, functional abnormalities of 
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viable and normal-appearing cells have been noted at all stages of HIV 
infection. Prior to the discovery of HIV, investigators observed that T4+ 
cells from AIDS patients were defective in their ability to induce B cells 
to secrete immunoglobulin and to respond to alloantigens (Lane et al., 
1983; Gupta and Safai, 1983; Gupta el al . ,  1984). It was subsequently 
shown that lymphocytes of AIDS patients, while responding normally 
to mitogens, were defective in their ability to recognize and proliferate 
in response to soluble antigens (Lane et al., 1985; Shearer et al., 1986; 
Giorgi et al., 1987; Hoy et al., 1988). Abnormal T cell responses to 
soluble antigen were observed early in the course of HIV infection prior 
to a significant drop in T4 cell numbers (Lane et al., 1985; Fauci, 1987; 
Hoy et al., 1988). Studies of T cell responses in identical twins, in which 
one sibling had AIDS and the other was seronegative and healthy, demon- 
strated that the defective T cell response to soluble antigen was not due 
to abnormalities in antigen-presenting cells but was likely due to a func- 
tional defect of T4 lymphocytes (Fauci, 1987). 

Defective T cell cloning efficiency is another measure of functional 
impairment of T4 lymphocytes that is observed in HIV infection 
(Margolick et al., 1985). Winkelstein et al. (1985, 1988) have shown that 
defective T cell colony formation and impaired expression of interleukin 
(1L)-2 receptors occurs throughout HIV disease, with a more profound 
defect apparent at later stages of illness. Other investigators have 
described a range of immunological defects in HIV-infected individuals, 
including defective antigen-induced IL-2 production (Antonen and Krohn, 
1986), defective mitogen-induced IL-2 production (Creemers et al. ,  1986; 
Prince and John, 1987; H. E. Prince et al., 1988), and depressed HLA 
class I-restricted cytotoxic T lymphocyte (CTL) responses against cyto- 
megalovirus (CMV) and influenza (Sheridan et al., 1984; Shearer et al., 
1985; Rook et al., 1985). This latter defect is thought to be due primarily 
to T4 helperhnducer dysfunction, since in vitro CTL activity against CMV 
can be restored by the addition of IL-2 (Rook et al., 1983). 

Suppression of in who lymphocyte activation of normal T cells has 
been shown to occur upon exposure to sera from AIDS patients 
(Cunningham-Rundles et al., 1983; Hennig and Tomar, 1984) or super- 
natants of peripheral blood mononuclear cells (PBMCs) from AIDS 
patients (Laurence et al., 1983). The inhibitory activity of AIDS sera 
occurred even when added several hours after phytohemagglutinin (PHA) 
stimulation of normal T cells and could be diluted out with normal 
serum. It is thought that the inhibitory factor(s) causes a decline in IL-2 
receptor expression (Donnelly et al., 1987). It has recently been shown 
that serum-inhibitory factors are also present in HIV-infected individuals 
at earlier stages of infection, but are found to a greater degree in patients 
with low CD4 cell counts (Israel-Biet et al., 1988). 
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The qualitative immunological abnormalities observed in HIV-infected 
individuals can be mimicked in the in vitro situation. A progressive loss 
of response to soluble antigen prior to cell killing has been shown to 
occur after in Vitro infection of T4 cells with HIV (Lyerly et al., 1986). 
Margolick et al. (1987) have demonstrated a striking inhibition of antigen- 
specific, lymphoproliferative responses and a lesser inhibition of mitogen- 
induced responses following noncytopathic exposure of PBMCs to HIV. 
Inhibition of T lymphocyte proliferative responses has also been demon- 
strated by exposure to formaldehyde-treated HIV-infected cells (Sand- 
strom et al., 1986), noninfectious ultraviolet-inactivated HIV (Amadori 
et al., 1988), purified natural HIV gp120 (Mann et al., 1987), recom- 
binant HIV gp120 (Shalaby et al . ,  1987; Krowka et al., 1988), and syn-  
thetic peptides homologous to regions of gp41 (Chanh et a l . ,  1988). 
Similarly in other retroviral systems, the immunosuppressive effects of 
a synthetic peptide (CSK-17) homologous to a region of the transmem- 
brane protein of murine, feline, and HTLV-I and HTLV-I1 human 
retroviruses have been well documented (Cianciolo et al., 1985; Harrell 
et al., 1986; Mitani et al . ,  1987; Ogasawara et al., 1988). 

There are several potential mechanisms to explain how HIV can cause 
a functional impairment of antigen-responsive T4 cells in the absence 
of cell infection. In the first case, HIV or its products may interfere with 
CD4-mediated monocyte-T cell interactions. The interaction of CD4 
molecules on the surface of T4 cells with MHC class I1 molecules on 
the surface of monocytes is required for antigen-specific responses (Gay 
et al., 1987, 1988; Doyle and Strominger, 1987). Since the HIV 
gp120-CD4 interaction occurs with a very high affinity (Dalgleish et al., 
1984; Klatzmann et al . ,  1984a; McDougal et al. ,  1986), the binding of 
HIV or free gp120 may prevent the MHC class I1 molecule from binding 
to CD4 and thus may block the antigen-specific response. The finding 
of normal mitogen-specific responses in HIV infection is consistent with 
this proposed mechanism, since mitogen stimulation is not dependent 
on the CD4-MHC class I1 interaction (Fauci, 1987). In addition, 
Diamond et al. (1988) have recently shown that HIV gp120 can 
specifically inhibit CD4 function in a murine T cell hybridoma which 
expresses human CD4. 

The binding of HIV or its products to CD4 may also result in a post- 
receptor signal transduction defect that occurs following ligand binding 
at either the CD4 or antigen-receptor (CD3-Ti complex) level. In this 
regard it has been shown that membrane signaling in HIV-infected T 
cells was impaired when the cells were stimulated via the CD3-Ti complex 
(Gupta and Vayuvegula, 1987; Linette et al., 1988). Alternatively, some 
investigators have found a region of homology between HIV gp120 and 
IL-2 and have suggested that HIV gp120 can bind to the IL-2 receptor 
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and interfere with IL-2 activity either directly or indirectly (Reiher et al., 
1986). In support of this hypothesis, Krowka et al. (1988) showed that 
proliferative responses to CMV were inhibited by recombinant gp120 and 
that this inhibition could be completely overcome by the addition of IL-2. 

A noncytopathic HIV infection of T4 cells may result in functional 
abnormalities in antigen-specific responses as a consequence of a decrease 
in CD4 expression on the cell surface. Decreased CD4 levels have been 
observed in cells infected with HIV in Vitro (Folks et al., 1985; Hoxie 
et al., 1985) and are thought to result from several factors, including 
decreased steady-state levels of CD4-specific mRNA, inhibition of CD4 
biosynthesis, reduced levels of immunoprecipitable CD4, and intracellular 
complexing of CD4 with gp120 (Hoxie et al., 1986; Stevenson et al., 1987; 
Yuille et al., 1988). A lack of expression of surface CD4 would prohibit 
the interaction of CD4 and MHC class I1 molecules that is required for 
antigen-specific responses. 

In addition to decreases in CD4 levels, infection with HIV has been 
reported to down-regulate other cellular genes including surface T3, 
T8, and T11 markers, and IL-2 receptor expression (Stevenson et al., 
1987). W. C. Greene et al. (personal communication) have also found 
decreased expression of the IL-2 gene. Down-regulation of IL-2 or IL-2 
receptor gene expression may contribute to the functional defects for 
antigen-specific responses that require IL-2 for amplification. 

While HIV or its proteins can convincingly suppress a variety of T4 
cell functions, the virus may also have a stimulatory effect on these cells. 
It has recently been shown that HIV peptides from both the HIV env 
and gag regions can induce a substantial proliferative response in PBMCs 
in both CD3+ and CD3- lymphocyte subpopulations (Nair et al., 
1988). Similarly, other investigators have shown that native gp120 can 
activate resting CD4+ lymphocytes and induce increased IL-2 receptor 
expression (Kornfeld et al., 1988). These findings suggest that HIV may 
suppress immune function by continually activating immune cells, thus 
making them less responsive to immune signals encountered during 
normal immune responses. 

D. HIV INFECTION OF MONOCYTES AND MACROPHAGES 

Monocytes and macrophages are another class of cells that are infected 
by HIV. Infection may occur through phagocytosis of HIV particles or 
through attachment to the CD4 receptor that is present on the surface 
of monocyte/macrophages (Talle et al., 1983; Stewart et al., 1986; Crowe 
et al., 1987). Researchers have shown that HIV can infect established 
monocytic and promyelocytic cell lines (Levy et al . ,  1985a), peripheral 
blood monocytes (Ho et al., 1986; Nicholson et al., 1986; Gartner et al., 
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1986b; Crowe et al., 1987), and alveolar macrophages (Salahuddin et al., 
1986). HIV has also been cultured from or detected in monocyte/ 
macrophages from the blood (Ho et al., 1986), lung (Gartner et al., 
1986b), and brain (Gartner et al., 1986a,b; Koenig et al., 1986; Wiley 
et al., 1986; Vazeux et al., 1987) of HIV-infected individuals. 

There are several important differences in the outcome of HIV infec- 
tion of monocyte/macrophages and T4 cells. HIV infection of monocyte/ 
macrophages appears to be persistent and does not result in significant 
cell death or syncytia formation that occurs after infection of T4 cells 
(Levy et al., 1985a; Ho et al., 1986; Nicholson et al., 1986; Salahuddin 
et al . ,  1986). In HIV-infected macrophages virus particles are often 
located within cytoplasmic vacuoles (Gartner et al. , 1986b). Orenstein 
et al. (1988) have shown that HIV in infected monocytes predominantly 
buds and accumulates intracellularly within intracytoplasmic vesicles 
rather than from the plasma membrane. The relative lack of detect- 
able extracellular reverse transcriptase activity in infected monocyte/ 
macrophage cultures and the increase in such activity after freeze-thawing 
of the cells supports these findings (Gendelman et al., 1988). It has recently 
been found that intracellular or extracellular production of HIV is depen- 
dent on culture conditions and the state of differentiation of the cells. 
In differentiated cells of the monocytic lineage HIV replicates predomi- 
nantly intracellularly; whereas in undifferentiated cells, virus budding 
occuls predominantly extracellularly (G. Poli, personal communication). 
If HIV is located within intracytoplasmic vesicles of macrophages in vivo, 
then sheltering from the immune response may occur. 

Some investigators have reported that certain isolates of HIV display 
a specific tropism for monocyte/macrophages or T4 cells. HIV isolated 
from lung and brain macrophages of infected individuals was shown to 
infect macrophages more readily than T cells as compared with a stan- 
dard tissue culture strain, HTLV-IIIb, which showed a markedly lower 
ability to infect monocyte/macrophages than T cells (Gartner et al., 
1986b). HIV that was isolated from infected individuals onto both 
monocytes and lymphocyte cultures and passaged serially onto the 
homologous cells appeared to lose the ability to infect the heterologous 
cell type (Gendelman et al., 1988). It has also been reported that two 
distinct viruses isolated from the central nervous system of an AIDS 
patient and passaged in T cells had dissimilar cell tropism. One isolate 
could infect macrophages, whereas the other isolate infected only gliomas 
(Koyanagi et al., 1987). Recently, G. Poli (personal communica- 
tion) has found that HIV from antibody-positive, T cell culture-negative 
individuals can be isolated onto primary macrophages. It is not clear 
at present whether certain strains of HIV display an “all-or-none” tropism 
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for specific cells or whether the cell preferences are due to quantitative 
differences in levels of infectivity. Molecular cloning of HIV isolates with 
different cell tropisms and more sensitive tests for measuring the pres- 
ence of virus in infected cells should provide additional information on 
this issue. 

It has long been known that some of the functions of monocyte/ 
macrophages in AIDS patients are abnormal. These defects include 
reductions in monocyte chemotaxis (Smith et al., 1984; Poli et al., 1985), 
monocyte-dependent T cell proliferation (Prince et al., 1985; Shannon 
et al., 1985), Fc receptor function (Bender et al., 1985), and C3 receptor- 
mediated clearance (Bender et al., 1987). In addition, impairment of 
certain monocyte/macrophage functions in asymptomatic, HIV-infected 
individuals has been reported (Braun et al., 1988). However, many of 
the functions of monocyte/macrophages, such as superoxide anion release, 
intracellular antimicrobicidal activity, monocyte-mediated tumoricidal 
activity, candidacidal activity, response to y-interferon, and production 
of tumor necrosis factor (TNF), remain unaltered during HIV infec- 
tion (Poli et al., 1985; Washburn et al., 1985; Murray et al., 1985, 1987; 
Kleinerman et al., 1985; Estevez et al., 1986; Nielsen et al., 1986; Haas 
et al., 1987). While IL-1 production and secretion is thought to be normal 
in AIDS patients (Poli et al., 1985; Enk et al., 1986), inhibitors of IL-1 
may be present (Enk et al., 1986). Recently, Locksley et al. (1988) have 
demonstrated that in vitro HIV infection of human monocyte/macro- 
phages results in the release of an IL-1-inhibitory activity. 

HIV infection of monocyte/macrophages may also result in a down- 
regulation of cellular gene function, similar to that seen in the T cell 
system. In this regard Heagy et al. (1984) reported that monocytes from 
AIDS patients exhibited decreased expression of human MHC class I1 
antigens. This finding is supported by in vitro experiments that showed 
that expression of human MHC class I1 antigens on a human pro- 
monocytic cell line was reduced following infection with HIV (Petit et al., 
1987). However, Haas et al. (1987) found no difference in class I1 expres- 
sion in AIDS patients’ monocytes versus those of controls. 

It has recently been observed that in vitro HIV infection of a human 
monocytic cell line caused a decline in accessory cell function (Petit et al., 
1988). However, because of the low frequency of infected monocyte/ 
macrophages in the peripheral blood of HIV-infected individuals 
(S. Schnittman, personal communication), it is unlikely that the func- 
tional defects observed in these cells are due to direct infection of 
monocyte/macrophages but rather to the deficiency of inductive signals 
from T cells. This is supported by the fact that the addition of exogenous 
y-interferon can correct some of the defects in AIDS patients’ monocytes 
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(Murray et al., 1984). Nonetheless, HIV infection of monocyte/macro- 
phages may play an important role in the pathogenesis of AIDS. The 
sequestration of the virus within monocytes/macrophages implies that 
these infected cells may function as a reservoir of virus infection in the 
body, such as has been described in other lentivirus systems (Gendelman 
et al., 1985). The relative lack of extracellular budding virus may help 
explain why the HIV-specific immune response is unsuccessful in ridding 
the body of HIV. In addition, the infected monocyte/macrophage may 
be responsible for transporting HIV to the lung or the brain, resulting 
in neuropsychiatric problems (see Section IV,B, Fig. 5). 

E. HIV INFECTION OF PRECURSOR CELLS 

Hematological abnormalities, including leukopenia, anemia, thrombo- 
cytopenia, and myelodysplasia, have been found in the majority of AIDS 
patients under study (Spivak et al., 1984; Delacretaz et al., 1987). The 
myelodysplastic changes in HIV infection appear similar to those found 
in patients with myelodysplastic syndromes and thus suggest an involve- 
ment of hematopoietic progenitor cells in HIV infection (Schneider and 
Picker, 1985). Several investigators have examined hematopoietic pro- 
genitor cells of AIDS patients and have found evidence of defects in these 
cells. Donahue et al. (1987) reported that bone marrow progenitor cells 
from patients with AIDS or ARC were responsive to stimulating factors 
but the growth of the progenitors could be suppressed by anti-HIV 
antibodies in the serum of HIV-infected individuals. Inhibition of in Vitro 
hematopoietic colony growth in the absence of sera has also been observed 
(Stella et al . ,  1987). Analysis of the proliferative capacity of granulocyte- 
macrophage (GM) progenitor cells from HIV-infected individuals revealed 
a significant inhibition of growth as compared to controls (Leiderman 
et al., 1987). In addition, conditioned media from the patient GM cells 
contained a unique 84-kDa glycoprotein that inhibited colony forma- 
tion of control GM progenitors. 

It has been hypothesized that the hematological abnormalities in AIDS 
are the result of HIV infection of bone marrow cells. Two studies support 
this hypothesis indirectly. One study showed that HIV-1 RNA is present 
in myeloid precursor cells from bone marrow samples of AIDS patients 
(Busch et al., 1986). The experiments reported by Donahue et al. (1987) 
(see above) suggest that bone marrow progenitor cells, like monocyte/ 
macrophages, may be infected by HIV and may be resistant to its 
cytopathic effects. It is assumed that pathological effects occur only when 
anti-HIV antibody blocks the growth of infected progenitor cells by 
binding to virus-encoded proteins on the cell surface. Direct evidence 
for HIV infection of bone marrow progenitor cells was obtained by Folks 
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FIG. 5.  The role of the monocyte in the propagation of HIV infection. [Reprinted 
with permission from Fauci, A. S. (1989). Truns. Assoc. Am. Physicians 101 (in press).] 

et al. (1988b), using a new cell fractionation technique that allowed for 
the positive selection of virtually pure CD34+ human bone marrow cells. 
After exposure in uilro to HIV-1, these myeloid progenitor cells were 
shown to be infected with HIV-1 in a manner similar to that seen in 
infection of monocyte/macrophages. In addition to establishing a non- 
cytopathic infection in the bone marrow precursor cells, HIV was pro- 
duced predominantly intracellularly, budding within cytoplasmic vesicles 
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rather than from the cell surface. In many cases, the intracytoplasmic 
vesicles were packed with virions to the point that entire regions of the 
cytoplasm were displaced with HIV. It is unclear whether HIV infec- 
tion of bone marrow precursors is responsible for the hematological 
abnormalities seen in vzvo. However, these results suggest that the bone 
marrow may function as a reservoir of HIV infection in the body, dif- 
ferentiating into cells of the monocytoid lineage and spreading HIV 
throughout the body. 

F. HIV INFECTION OF OTHER CELL TYPES 

The requirement for binding of HIV to the CD4 receptor during the 
initial stage of virus infection suggests that any cell in the body that 
expresses the CD4 receptor may be infected by HIV. Expression of CD4 
mRNA has been demonstrated not only in T lymphocytes and 
macrophages but in B cells, neurons, and glial cells (Maddon et al . ,  
1986; Funke et al., 1987). It has been shown that HIV can replicate in 
both established Epstein-Barr virus (EBV)-transformed (Montagnier 
et al., 1984; Levy et al., 1985a; Malkovsky et al., 1988) and EBV- 
human B cell lines (Monroe et al., 1988). Researchers have also suc- 
cessfully infected CD4+ human colorectal (Adachi et al., 1987) and 
human glial cell lines (Dewhurst et al., 1987; Malkovsky et al., 1988). 
Both latent and chronic HIV infections of glioma cell lines have been 
established with minimal cytopathic effects (Chiodi et al., 1987; Dewhurst 
et al., 1988). It has also recently been reported that HIV can infect 
neuroretinal (Pomerantz et al., 1987) and cervical cells (Pomerantz et al., 
1988) in vivo. 

Like monocytes and macrophages, CD4+ epidermal Langerhans cells 
have been shown to be a target for HIV infection in vzvo (Tschachler 
et al., 1987). The observation that Ia+ Langerhans cells are reduced 
in AIDS and ARC patients suggests that antigen presentation in the skin 
may be abnormal (Belsito e t  al., 1984). In this regard, it has recently 
been reported that there is a negative correlation between the number 
of Langerhans cells in the epidermis of HIV-infected individuals and 
the stage of disease (Dreno et al., 1988). Similarly, it has been shown 
that HIV can infect peripheral blood dendritic cells in vz'tro (Patterson 
and Knight, 1987). Peripheral blood dendritic cells from patients with 
AIDS or progressive persistent generalized lymphadenopathy displayed 
a deficiency in MHC class I1 antigen expression and in their ability to 
stimulate lymphocytes (Eales et al. ,  1988). The precise contribution that 
these cells and the cells described above play in the pathogenesis of HIV 
infection remains to be determined. 
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G. ACTIVATION OF LATENT HIV INFECTION 

1.  Mitogens and Antigens 

One of the hallmarks of HIV infection is the extended period that 
often elapses between initial infection with HIV and the clinical signs 
and symptoms of immunological deterioration. Viral replication, as 
measured by the detection of p24 antigenemia, is thought to occur early 
in the course of HIV infection and then decline concomitant with the 
onset of antibody production. Late in the course of disease, p24 antigen 
levels again rise and are usually sustained through the development of 
AIDS. However, small, intermittent bursts of p24 antigenemia can occur 
during the long, asymptomatic period of infection (H. C. Lane, per- 
sonal communication). It has recently been reported that, in four HIV- 
infected individuals, the asymptomatic period was accompanied by a 
loss of p24 antigenemia as well as a loss of HIV-1 antibodies. Analyses 
of the PBMCs by polymerase chain reaction assays revealed the pres- 
ence of the HIV-1 provirus in all four individuals in the absence of either 
virus or antibody production (Farzadegan et al., 1988). These studies 
suggest that the virus exists in vivo in either a true microbiologically 
latent form in which no virus expression can be detected or in a clinically 
latent form in which virus expression occurs at chronic, low levels 
(Rosenberg and Fauci, 1989) (Fig. 6). 

A wide range of in vitro experiments have revealed several ways that 
latent or chronic, low-level HIV-infected cells can be activated to produce 
increased quantities of virus. The first successful attempts to isolate HIV 
from the blood of AIDS patients demonstrated that several different T cell 
activation signals, including PHA and IL-2 (Gallo et al., 1984; Levy et al., 
1984; Barre-Sinoussi et al., 1985), were needed to boost virus replication 
to levels that were detectable by reverse transcriptase activity. PHA was 
also able to activate virus expression in long-term, non-HIV-producing 
T cell cultures from AIDS patients (Zagury et al., 1986). Similarly, 
augmentation of HIV expression in cell lines that were infected with HIV 
in Vitro was observed following exposure of the cells to either 5-iodo-2’- 
deoxyuridine (Folks et al., 1986a,c) or 12- O-tetradecanoyl- 
phorbol-13-acetate (TPA) (Harada et al., 1986). Mitogenic activation 
signals also enhance HIV productivity in de novo infections of normal 
human lymphocytes in vitro (McDougal et al., 1985; Folks et al., 198613). 
In this regard, a regulatory protein, rpt-1, that is selectively expressed 
in resting T4 cells, has recently been shown to down-regulate expres- 
sion of the HIV LTR as well as the promoter region of the IL-2 receptor 
a chain (Patarca et al., 1988). Activation of resting T cells may thus 
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FIG. 6 .  HIV infection of CD4+ cells: conversion of latent to active infection. 
[Reprinted with permission from Fauci, A. S. (1989). Adv. Allerg. Clin. Zmmunol. (in 
press).] 

result in suppression of rpt-1 and subsequent alleviation of the suppres- 
sion of HIV expression. 

To delineate the mechanism by which activating agents up-regulate 
HIV activity, investigators have examined the effects of these agents on 
the ability of the HIV LTR to regulate expression of an indicator gene, 
the chloramphenicol acetyltransferase (CAT) gene. These experiments 
have demonstrated that PMA- and PHA-induced up-regulation of HIV 
occurs by the induction of T cell activation factors that interact with 
two tandemly repeated core transcriptional enhancer elements on the 
HIV LTR (Nabel and Baltimore, 1987; Kaufman et al., 1987; Tong- 
Starksen et al., 1987; Siekevitz et al., 1987; Dinter et al . ,  1987). Further 
analyses have revealed that a T cell activation factor, NFxB (Nabel and 
Baltimore, 1987), binds to an upstream NFxB binding site and can 
activate in vitro transcription of the HIV promoter (Kawakami et al., 
1988). Another mitogen-inducible nuclear protein, HIVEN86A, has been 
shown to bind to both the HIV enhancer (Franza et al., 1987) and related 
sequences in the 5’-regulatory region of the IL-2 receptor a gene 
(Bohnlein et al., 1988). 
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Antigenic stimulation of T cells has also been shown to affect HIV 
expression. Using PBMCs from HIV- donors, HIV was observed to 
replicate ten to 100 times more efficiently in those PBMCs that had been 
activated prior to infection by either tetanus toxoid or keyhole limpet hemo- 
cyanin (Margolick et al., 1987). Similarly, HIV has been shown to replicate 
to higher titer in peripheral blood leukocytes that had been stimulated 
prior to infection with noninfectious HTLV-I virions. An increase in HIV 
expression was also detected if the cells were exposed to HTLV-I antigens 
either during or after HIV infection (Zack et al., 1988). 

2. Heterologous Viruses 

One class of antigens that individuals often encounter in vivo are viral 
proteins from a wide range of human pathogens. AIDS patients in par- 
ticular are often coinfected with herpesviruses, especially herpes simplex 
virus (HSV), CMV, and EBV (Quinnan et al . ,  1984; Quinn et al., 1987). 
It has been shown by a number of investigators that in vitro cotransfec- 
tion of plasmids containing the immediate-early genes of HSV-1, CMV, 
and EBV, together with HIV LTR-CAT constructs, into a variety of cell 
types resulted in up-regulation of CAT expression (Gendelman et al., 
1986; Rando et al., 1987; Davis et al., 1987; Kenney et al., 1988). Infec- 
tion of cells transfected with HIV LTR-CAT constructs with HSV-1 also 
caused an increase in CAT activity (Mosca et al., 1987a). 

These experiments suggest that heterologous viral genes can up- 
regulate HIV expression in HIV-infected cells. This theory is supported 
by data by Ostrove et al. (1987) that show an increase in reverse transcrip- 
tase activity in the supernatant of cells that were cotransfected with an 
infectious clone of HIV and immediate-early genes of HSV-1. The rele- 
vance of this theory in vivo, however, depends on whether HIV and the 
heterologous virus can infect the same cell. In this regard, it has been 
shown that HSV can replicate in the major target cells for HIV infec- 
tion: peripheral blood leukocytes (Nahmias et al., 1964; Rinaldo et al., 
1978) and undifferentiated monocytes and macrophages (Kirchner, 1982). 
Coinfection of brain cells by CMV and HIV has also been reported in vivo 
in AIDS patients (Nelson et al., 1988). Another virus with a cell tropism 
similar to HIV is hepatitis B virus (HBV). It has recently been established 
that the HBV X protein can trans-activate the HIV LTR and cause a 
tenfold increase in CAT activity (Seto et al., 1988). A new member of 
the human herpesvirus family, HHV-6, has also been found to infect 
CD4+ lymphocytes (Lusso et al., 1988b) and has been shown to 
stimulate expression of the HIV LTR (Lusso et al., 1989). 

The mechanism of action of heterologous viral genes on the HIV LTR 
has been explored using deletion mutant analyses. Some researchers have 
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presented evidence that the site on the HIV LTR that is involved in HSV-1- 
induced activation encompasses the three Spl transcription factor binding 
sites and does not include the tat responsive region, TAR (Mosca et a l . ,  
1987b; Ostrove et al., 1987). In contrast, other investigators have shown 
that HSV-1 may function by inducing a DNA-binding protein that binds 
to the NFxB core enhancer sequence (Gimble et al., 1988). However, 
Nabel et al. (1988) suggest that HSV-1 early gene activation occurs 
independently of any specific site on the HIV LTR. In studies of 
adenovirus-induced activation of HIV, they found that the TATA 
sequences of HIV appear to be important. The HBV X protein appears 
to exert its effect through cis-acting elements in the upstream, enhancer, 
and TAR regions, which, in these experiments, are all required for trans- 
activation of the HIV LTR (Seto et al., 1988). 

In addition to a direct effect of heterologous viral proteins on several 
distinct regions of the HIV LTR, heterologous viruses may also activate 
HIV expression by causing a stress response in the HIV-infected cell. 
Valerie et al. (1988) have recently demonstrated that ultraviolet (UV) 
light and mitomycin C, agents which are known to cause stress responses 
in cells, can independently up-regulate CAT activity in cells transfected 
with an HIV LTR-CAT construct. Pretreatment of human T cell lines 
with UV light prior to HIV infection resulted in significantly earlier detec- 
tion of virus as compared to the untreated controls. The authors also 
showed that exposure of HIV LTR-CAT-transfected cells to sunlight 
resulted in an increase in CAT activity. W light activation of HIV expres- 
sion in latently infected promonocytic cells has recently been shown by 
Stanley et al. (1989). Since activation of HIV expression in these cells 
occurred with UV light doses that reduced cell viability and impaired 
cell growth, the authors suggest that activation of virus expression results 
from the triggering of a cellular “SOS” repair response. Heat shock with 
exposure of chronically infected cell lines to temperatures of 41.3O C 
also resulted in induction of HIV expression (S. Stanley, personal com- 
munication), 

3. Cytokines 

Cytokines are another class of activating agents that may play an 
important role in stimulating a latent or low-level chronic HIV infec- 
tion to productivity. Exposure of a chronically HIV-infected promonocytic 
cell line, U1 (Folks et al., 1988a), to a PHA-induced supernatant con- 
taining multiple cytokines or to recombinant GM colony-stimulating 
factor (GMCSF) induced the cells to produce significantly higher levels 
of HIV than unexposed cells (Folks et al., 1987). Induction of HIV 
expression by GMCSF and other cytokines has also been shown in acute 
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HIV infection of primary peripheral blood monocytes (Koyanagi et al., 
1988). Similarly, Clouse et al. (1989a) have found that monokine-enriched, 
bacterial lipopolysaccharide (LPS)-induced supernatants from monocyte/ 
macrophages were able to up-regulate virus expression in ACH-2 cells, 
a chronically HIV-infected T cell clone derived from A3.01 cells (Folks 
et al., 1985). It has also recently been found that supernatants from 
viral antigen-stimulated monocytes can induce HIV expression in both 
U1 and ACH-2 cells (Clouse et al., 1989b). 

There is growing evidence that TNF-a, a monocyte-derived cytokine, 
may play an important role in the pathogenesis of HIV infection. Clouse 
et al. (1989a) have shown that the ability of LPS-induced monocyte super- 
natant to increase HIV expression can be completely eliminated by 
passing the supernatant over immunoaffinity gels specific for human 
TNF-a. Recent data by Folks et al. (1989) show that recombinant TNF-a 
and TNF-fl can significantly augment HIV expression in ACH-2 cells, 
whereas a multitude of other cytokines, including IL-1, IL-2, IL-3, IL-4, 
platelet-derived growth factor, and y-interferon, had little effect on HIV 
expression. Other HIV-infected cells that respond to TNF-a and TNF-fl 
by increasing virus expression include U1 cells (G. Poli, personal com- 
munication) and MOLT-4 cells (Matsuyama et al., 1988), respectively. 
Increases in CAT activity were observed after TNF-a exposure of ACH-2 
cells transfected with either HIV LTR-CAT alone or in combination 
with HIV tat, but not with HTLV-I LTR-CAT (Folks et al., 1989). 
Although the precise mechanism by which TNF-a influences HIV expres- 
sion is not known, it appears to function by inducing the expression of 
specific DNA-binding proteins that bind to the NFxB sites on the HIV 
LTR (A. Rabson, personal communication). 

The significance of TNF-a in the regulation of virus expression during 
HIV infection is unclear at present. However, it is known that TNF-a 
is produced in humans in response to naturally occurring infections 
(Cerami and Beutler, 1988). AIDS patients, in particular, have been 
shown to express high levels of TNF-a ( > 150 pg/ml) in their sera, whereas 
asymptomatic HIV-infected subjects expressed levels of TNF that were 
similar to normal controls (Lahdevirta et al. ,  1988). In vitro, concen- 
trations of TNF-a as low as 50 pg/ml have been shown to up-regulate 
HIV expression in a chronically infected T cell line. In addition, these 
HIV-infected cells displayed a higher number of TNF receptors than 
did their uninfected counterparts, suggesting that HIV-infected cells may 
be more sensitive to TNF-a than are uninfected cells (Folks et al., 1989). 

While exposure of uninfected promonocytic U937 cells to PMA results 
in a significant decrease in TNF receptors (Aggarwal and Eessalu, 1987), 
it has recently been shown that HIV-infected U1 cells exposed to PMA 
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produce increased levels of TNF-a and TNF receptors. Addition of 
TNF-a to the PMA-stimulated U1 cells resulted in a synergistic increase 
of TNF-a secretion (G. Poli, personal communication). Although one 
report has shown that PBMCs from patients with AIDS or ARC are defi- 
cient in TNF production (Ammann et al., 1987), another study found 
that peripheral blood monocytes from AIDS patients spontaneously 
secreted high levels of TNF-a as compared to normal controls (Wright 
et al., 1988). Thus TNF-a production in response to opportunistic infec- 
tions could accelerate the progression of HIV disease in symptomatic 
individuals in an autocrine/paracrine fashion. Since TNF-a is also known 
to function in the normal regulation of immune responses (Ruggiero 
et al., 1986; Kehrl et al., 1987), it may play a role in the gradual pro- 
gression of HIV disease prior to the onset of opportunistic infection. 
The recent finding of TNF-(r in the cerebrospinal fluid of patients with 
bacterial meningitis suggests that TNF-a may also up-regulate HIV 
expression in the brain (see Section IV,B) (Leist et al., 1988). Most recently, 
it has been demonstrated that IL-6 can induce HIV expression in 
chronically infected U1 cells and that IL-6 and GMCSF synergize with 
TNF-a in the induction of HIV expression in this cell line (G. Poli, 
personal communication). 

IV. Neuropsychiatric Manifestations 

A. HIV INFECTION OF THE BRAIN 

Early in the course of the AIDS epidemic, it was noted that neuro- 
logical complications were commonly found in AIDS patients and fell 
into several different categories including opportunistic diseases, such 
as toxoplasmosis, cryptococcal meningitis, or CMV encephalitis: CNS 
tumors; vascular problems; and undiagnosed CNS abnormalities 
(subacute encephalitis) (Snider et al., 1983). This latter category, also 
known as AIDS encephalopathy (Shaw et al., 1985) or AIDS-dementia 
complex, is found in approximately two thirds of AIDS patients who 
were examined neuropathologically at autopsy (Navia et al., 1986). In 
some cases symptoms of the AIDS-dementia complex may precede the 
development of opportunistic infections or may occur in the total absence 
of such infections (Navia and Price, 1987). 

Evidence for HIV infection of the brain and CNS comes from a variety 
of studies. HIV DNA and HIV-specific RNA have been detected in the 
brains of both adult and pediatric AIDS cases (Shaw et al., 1985; Stoler 
et a l . ,  1986). In addition, infectious HIV has been isolated from both 
the cerebrospinal fluid and the brain tissue of AIDS patients (Levy et al., 
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1985b; Ho et al., 198513; Gartner et al. 1986a). While some investigators 
have reported HIV infection in uivo in capillary endothelial cells (Wiley 
et al., 1986), oligodendroglial cells, and astrocytes (Epstein et al., 1984; 
Stoler et al., 1986; Gyorkey et al., 1987) as well as macrophages, it is 
generally thought that the predominant cell type in the brain that is 
infected with HIV is the macrophage (Koenig et al., 1986; Gabuzda et al., 
1986; Gartner et al., 1986a; Vazeux et al., 1987; Meyenhofer et al.,  1987). 

Additional evidence for HIV infection of the brain comes from studies 
that demonstrate the synthesis of HIV-specific antibodies and antigens 
within the brain and their appearance in the cerebrospinal fluid of AIDS 
and ARC patients as well as in asymptomatically infected individuals 
(Resnick et al.,  1985; Goudsmit et a l . ,  1986, 1987; Gallo et al., 1988). 
HIV has also been isolated from the cerebrospinal fluid of asymptomatic 
individuals (Hollander and Levy, 1987; Resnick et al., 1988; Chiodi et al., 
1988), suggesting that HIV can infect the CNS early in the course of 
disease and exist as a latent or chronic infection before the onset of 
neurological abnormalities. 

B. POTENTIAL MECHANISMS OF NEUROPATHOGENESIS 

The cause(s) of the neurological pathology in HIV infection is not 
known. Because the macrophage is most frequently found to be infected 
in the brain, it is thought that this cell plays an instrumental role in 
the neuropathogenesis of HIV infection through the release of cytokines 
or other factors that are either directly toxic to neurons or lead to inflam- 
mation (Fauci, 1988; Price et al . ,  1988). In this regard, it has recently 
been shown that neuropeptides can induce the release of IL-1, TNF-a, 
and IL-6 from human blood monocytes ( h t z  et a l . ,  1988). Based on 
the findings that TNF-a may function as an autocrine inducer of HIV 
expression (see Section III,G,3), it is possible that the release of TNF-a 
from HIV-infected macrophages results not only in damage to nearby 
cells but in an activation of HIV expression as well. HIV may also directly 
or indirectly stimulate astrocytes to produce cytotoxic factors similar to 
TNF-a (Robbins et al . ,  1987). 

HIV may also cause brain cell abnormalities by interfering with the 
binding of neurotropic factors. Preliminary data suggest that both HIV 
and SIV can inhibit the growth of sensory neurons in the presence of 
neuroleukin, a neurotropic factor for spinal and sensory neurons, but not 
in the presence of nerve growth factor (Lee et al., 1987). The inhibitory 
activity of HIV is thought to be due to gp120, which displays regions of 
sequence homology with neuroleukin. Similarly, it has recently been 
reported that gp120 can cause neuronal cell death by interfering with 
a neuropeptide transmitter, vasoactive intestinal peptide (Brenneman 
et al., 1988). 
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Another mechanism of HIV-induced neuropathology involves the up- 
regulation of HIV expression by heterologous viruses (discussed in Section 
III,G,2). As previously mentioned, HIV and CMV have been reported 
to infect the same cells in the brain in AIDS patients (Nelson et al., 
1988) and thus may interact and enhance the pathogenesis of either virus. 
Autoimmune phenomena may also be responsible for some of the nervous 
system lesions associated with HIV (Johnson et al., 1988). Finally, while 
direct evidence of HIV infection of neuronal cells has been lacking, the 
presence of CD4 message in neuronal cells (Funke et al., 1987) raises 
the possibility that, under certain circumstances, HIV can directly infect 
neural tissue and potentially result in functional abnormalities or cell 
death. The case for direct HIV-induced cytopathicity in the brain is not 
supported by the finding that four of five HIV isolates from the brain 
were noncytocidal to T4 cells (Anand et al., 1987). 

V. Immune Response to HIV 

While the nature of a protective immune response to HIV, or indeed 
its very existence, is currently unknown, substantial progress has been 
made in defining the various virus-specific humoral and cell-mediated 
responses. As discussed above, potentially deleterious immune responses 
in the form of HIV-specific antibody-dependent cellular cytotoxicity, anti- 
gpl20-specific CD4+ T cell killing, and autoantibodies have been 
implicated in the pathogenesis of HIV infection. However, it is presumed 
that the immune response against HIV may also influence the course 
of the disease in a beneficial way. 

A. HUMORAL RESPONSE TO HIV 

1. General Characteristics 

The existence of antibodies to HIV was noted early in the AIDS 
epidemic (Safai et al., 1984; Brun-Vezinet et al., 1984; Cheingsong-Popov 
et al., 1984), and testing for such antibodies constitutes the basis for 
the HIV enzyme-linked immunosorbent assay. It was subsequently shown 
that the viral gp120 and gp160 env glycoproteins were the major pro- 
teins recognized by HIV-infected individuals at all stages of infection 
(Barin et al., 1985; Allan et al., 1985). Further studies show that approx- 
imately 50 % of HIV-infected individuals produce nonneutralizing 
antibodies to a highly conserved, 15-amino acid region (504-518) of the 
carboxy terminus of gp120 (Palker et al., 1987). Antibodies to the p24 
core structural protein and to the gp41 transmembrane portion of the 
envelope have also been detected (Kalyanaraman et al., 1984; Groop- 
man et al., 1986; Wang et al., 1986). It has been shown that 100% of 
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HIV-infected individuals recognize a 12-amino acid immunodominant 
sequence (598-609) in gp41 (Gnann et  al., 1987). 

While a few investigators have reported that antibody levels to all HIV 
proteins either remain constant or decline as the disease progresses 
(Groopman et al., 1986; McDougal et al., 1987), the majority of studies 
suggest that the titer of antibodies to p24 are highest early in HIV infec- 
tion and lowest at late stages of disease (Schupbach et  al. ,  1985; Biggar 
et al . ,  1985; Lange et al., 1986; Pan et al., 1987; Cao et al., 1987; de 
Wolf et al., 1988), even in the presence of high levels of anti-env reac- 
tivity (Kenealy et al., 1987). This pattern was also observed in serial bleeds 
from the same individuals (Weber et al., 1987; Manca et a l . ,  1987). It 
has been hypothesized that the decline in anti-pZ4 antibodies is due to 
an excess production of HIV core protein (Lange and Goudsmit, 1987). 

An association between the presence of another anti-HIV antibody 
and asymptomatic disease has recently been shown by Klasse et al. (1988). 
They reported that antibodies to a portion of gp41 that shares sequence 
similarity to immunosuppressive peptides from the transmembrane pro- 
teins of other retroviruses were present in the majority of sera from healthy 
HIV-infected individuals and absent in sera from symptomatic patients. 
Similarly, antibodies to the HIV reverse transcriptase have been detected 
in infected individuals (Pan et al., 1987), have been shown to inhibit 
reverse transcriptase activity, and were negatively correlated with disease 
progression (Chatterjee et al . ,  1987; Laurence et al., 1987). Serial 
antibody tests performed on hemophiliacs for whom the date of initial 
seroconversion was known demonstrated that a decline in anti-gag or 
anti-pol antibodies precedes the development of AIDS by 1-4 years, as 
compared with non-AIDS cases (Ragni et al., 1988). It has also been 
shown that HIV can be more readily isolated from individuals who lack 
antibody to reverse transcriptase than from those who do not (Sano et al., 
1987). In addition to antibody responses to HIV structural proteins, sera 
from some infected individuals have been shown to contain antibodies 
to HIV-regulatory proteins (Barone et al., 1986; Franchini et al., 1987b; 
Ranki et al.,  1987; Strebel et al., 1988). It has been suggested that 
antibodies to rev appear most frequently in early symptomatic patients 
(Chanda et al., 1988). 

The antibody isotypes that are produced against HIV vary according 
to the specific protein and the route of infection. IgGl appears to be 
the major isotype that is produced in response to HIV (Sundqvist et al., 
1986; Klasse and Blomberg, 1987; Ljunggren et al., 1988a). Khalife et al. 
(1988) have shown that the antibody response to env is restricted to the 
IgGl subclass, whereas the response to gag and nef proteins includes 
IgGl, IgM, IgA, and, in the case of gag, IgGs. They also found that 
IgG4 and IgE were present only in infected hemophiliacs. 
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2.  Neutralizing A nt ibodies 

Within the spectrum of antibodies that are produced against HIV, 
low titers of neutralizing antibodies have been detected in HIV-infected 
individuals (Robert-Guroff et al . ,  1985; Weiss et al . ,  1985; Ho et al . ,  
1985a). While several studies have found no significant correlation 
between neutralizing antibody titers and clinical status (Weber et al.,  
1987; Prince et a l . ,  1987; Groopman et a l . ,  1987), other investigators 
have reported that neutralizing antibody titers are highest in HIV-infected 
individuals who are asymptomatic, as compared with those diagnosed 
with AIDS (Robert-Guroff et al.,  1985; Ho et al., 1987b). Several studies 
have found that an increase in neutralization titers over time is associated 
with a stable clinical course (Wendler et al . ,  1987; Ranki et al . ,  1987) 
and that a decrease in neutralization titers was indicative of disease pro- 
gression (Robert-Guroff et al . ,  1988; Sei et al . ,  1988). 

Experimental stimulation of neutralizing antibodies to HIV was first 
achieved by inoculation of animals with either genetically engineered 
or purified natural gp120 (Lasky et al.,  1986; Robey et al . ,  1986). 
Deglycosylated recombinant gp120 was also able to elicit neutralizing 
antibodies (Putney et al . ,  1986; Krohn et al . ,  1987). While it has been 
reported that the HIV p17 core protein may be a target for neutralizing 
antibodies (Sarin et al.,  1986), Matthews et al. (1986) have found that 
HIV-specific neutralizing antibodies react predominantly with the env 
glycoprotein, similar to that observed in other retroviral systems. It has 
also been demonstrated that antibodies to the immunodominant epitope 
of gp41 described in Section V, A , l  have neutralizing activity (Schrier 
et al . ,  1988). 

The gpl20-specific neutralizing antibodies appear to be type specific 
in goats immunized with either recombinant or purified viral gp120 
(Matthews et al.,  1986; Rusche et al.,  1987). However, group-specific 
neutralizing antibodies have been detected in human sera from HIV- 
infected individuals (Matthews et al . ,  1986; Weiss et al . ,  1986). 
Serological analyses of HIV-infected chimpanzees have shown that the 
neutralizing antibody response broadened over time to be group specific 
(Nara et al., 1987a; Goudsmit et al . ,  1988). However, no group-specific 
reactivity was seen after repeated immunizations of goats, horses, or chim- 
panzees with purified gp120 (Arthur et a l . ,  1987; Nara et a l . ,  1988). 

Considerable effort has been devoted to identifying the type- and 
group-specific determinants for neutralization. Both humans and animals 
have been shown to generate type-specific neutralizing antibodies to a 
region of gp120 that encompasses amino acids 303-231, 307-330, 
and 296-331 (Palker et a l . ,  1988; Matsushita et al., 1988; Goud- 
smit et al . ,  1988). Type-specific neutralization of variants of a single 
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isolate of HIV that differed by one amino acid at position 305 of gp120 
has also been shown to occur (Looney et al . ,  1988). Neutralizing 
antibodies to this type-specific region do not inhibit gpl20-CD4 binding 
(Skinner et al., 1988) and presumably interfere with HIV replication 
at a postreceptor binding stage. 

Several studies have shown that type-specific antibodies that inhibit 
cell fusion are made in animals immunized with glycosylated gp120 
(Putney et al., 1986; Rusche et al., 1987) or infected with HIV (Goudsmit 
et al., 1988). It has recently been shown that the target for fusion- 
blocking antibodies is the same as that for neutralizing antibodies, namely 
amino acids 307-330 of the env glycoprotein (Matsushita et al., 1988; 
Rusche et al., 1988). Since HIV can be transmitted by cell-to-cell fusion, 
the presence of antibodies that can block cell fusion is necessary for the 
control of the spread of HIV in m’vo. 

Whether neutralizing or fusion-blocking antibodies can inhibit HIV 
infection in Vivo is the subject of considerable debate. The rapid muta- 
tions that occur in the HIV genome during replication (see Section II,C,2) 
may result in the creation of new viral strains that can escape neutraliza- 
tion. In fact, the very presence of neutralizing antibodies has been shown 
to select for HIV variants in vitro (Robert-Guroff et al. ,  1986) and for 
other lentiviruses in vivo (Montelaro et al . ,  1984). Other drawbacks in 
relying on neutralizing antibodies as the main line of defense against 
HIV infection have been seen in two experiments with chimpanzees. The 
presence of neutralizing antibodies in chimpanzees immunized with 
recombinant gp120 did not afford protection from subsequent challenge 
with HIV (Berman et al., 1988). Similarly, chimpanzees passively 
immunized with HIV immunoglobulin became infected after inocula- 
tion with HIV (A. M. Prince et al. ,  1988). 

However, a recent study has shown that passive immunization of AIDS 
or ARC patients with pooled, high-titered plasma from healthy HIV- 
infected individuals resulted in the sustained elimination of p24 antigen 
in these patients (Karpas et al., 1988). At the same time, viral antibody 
titers increased to levels higher than expected from the immunization. 
Clearly, further research on the role of neutralizing antibodies in the 
prevention of HIV infection and disease progression is necessary, par- 
ticularly for the development of an effective vaccine against HIV. In 
this regard, it has recently been reported that vaccination of HIV- 
volunteers with a vaccinia-env recombinant virus boosted with 
autologous, killed HIV-infected cells and recombinant gp160 resulted 
in the generation of high levels of group-specific neutralizing antibodies 
(Zagury et al . ,  1988). 
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3. ADCC 

ADCC has been shown to play an important role in the control of 
several viral infections, including CMV infection in humans (Quinnan 
et a l . ,  1982) and retroviral diseases in cats (de Noronha et al., 1978). 
Several investigators have reported that sera from HIV-infected individuals 
can mediate ADCC activity in vitro. When compared to healthy 
seropositive individuals, AIDS patients have been shown to have lower 
titers of ADCC antibodies (Rook et al., 1987; Ojo-Amaize et al., 1987; 
Ljunggren et al., 1987). While ADCC antibodies occur most often in 
the presence of neutralizing antibodies, no correlation in titers of these 
two antibody categories was found (Bottiger et al., 1988). Antibodies 
that mediate ADCC have been shown to react with target cells chronically 
infected with three divergent strains of HIV in a group-specific manner 
(Lyerly et al., 1987b). Several investigators have shown that the prin- 
cipal target for ADCC reactivity is gp120 (Lyerly el al., 1987b; Shepp 
et al., 1988). The transmembrane glycoprotein, gp41, has also been 
implicated as a target for ADCC (Blumberg et al.,  1987). 

Group-specific antibody-mediated complement-dependent cytotoxicity 
(ACC) of HIV-infected cells was observed in experimentally inoculated 
chimpanzees (Nara et al., 1987a) and correlated closely with the induc- 
tion of neutralizing antibodies (Nara et al.,  1987b). HIV-infected 
humans, on the other hand, exhibited no ACC, even in the presence 
of high-titered, group-specific neutralizing antibodies (Nara et al., 
1987b). It is possible that the presence of ACC in HIV-infected chim- 
panzees is related to their apparent resistance to disease development 
after years of chronic HIV infection. 

B. CELLULAR RFSPONSES TO HIV 

1. T Cell-Prolqerative Responses 

In many viral infections, T cell immunity plays a major role in 
eliminating virus-infected cells and in eliciting a memory antibody 
response. Group-specific T cell proliferation to gp120 and three different 
HIV isolates has been observed in goats immunized with native gp120 
but not with deglycosylated proteins, and in chimpanzees and gibbon 
apes chronically infected with HIV (Krohn et al., 1987; Zarling et al., 
1987; Lusso et al.,  1988a). The infected apes also responded to recombi- 
nant gp160; purified, native p24; and a highly conserved region of gp120 
(Lusso et al., 1988a). HIV-infected chimpanzees were shown to have strong 
T cell-proliferative responses to intact, purified HIV as well as natural 
gp120, recombinant gp120 and gp41, and p24 (Eichberg et al., 1987). 

T cell-proliferative responses to HIV antigens have been reported in 
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HIV-infected individuals. One study detected responses in only nine of 
40 subjects, responses being higher for asymptomatically HIV-infected 
patients than for diseased individuals (Wahren et al . ,  1987). A second 
study demonstrated that between 50 and 70% of HIV-infected individuals 
at all stages of infection responded to HIV antigens (Reddy et al . ,  1987). 
Whereas Krohn et al. (1987) have reported that no T cell-proliferative 
responses to gp120 were seen in HIV-infected people, other investigators 
have found that T cells from HIV-infected individuals display signifi- 
cant lymphocyte blastogenesis in response to p24 and gp120 (Wahren 
et a l . ,  1987; Ahearne et al., 1988). Some of the discrepancy in these 
findings may result from the wide range of antigenic preparations used 
in the experiments. 

It appears that a significant discordance exists between the antigenic 
regions of HIV that elicit neutralizing antibody and cellular responses, 
since it was shown that only the amino terminus of gp120 induced T 
cell-proliferative responses (Ahearne et al., 1988). These data have been 
confirmed through the isolation of two type-specific helper T cell clones 
specific for the amino-terminal half of gp120 (C. M. Walker et al., 1988). 
Although Ahearne et al. (1988) did not detect proliferative responses 
to gp41 or the carboxy terminus of gp120, it has been reported that T cells 
from approximately one quarter of HIV-infected patients undergo pro- 
liferation in response to an immunodominant epitope of gp41 (Schrier 
et al.,  1988). 

Since a vaccine that invokes both cellular and humoral responses will 
have a greater chance of affording protection from viral infection, 
researchers have been studying those regions of HIV that can elicit T cell 
responses. Using computer analyses, Cease et al. (1987) have identified 
two conserved regions of gp120 that, when injected into mice, resulted 
in the induction of lymph node proliferation to intact gp120. It was subse- 
quently shown that approximately 60% of healthy volunteers who had 
been immunized with a vaccinia-env recombinant virus manifested a 
T cell-proliferative response to at least one of the peptides from these 
regions (Berzofsky et al . ,  1988). 

2.  Cell-Mediated Cytotoxicity 

Along with neutralizing antibodies, ADCC, and ACC, virus-specific 
cytotoxic T lymphocytes (CTLs) are an important component of the 
immune response against viral infections. In animal models MHC- 
restricted cytotoxic responses were shown to be present in both gibbon 
apes and chimpanzees who had been chronically infected with HIV 
(Lusso et al., 1988a; Zarling et a l . ,  1987). In mice CTL responses are 
directed primarily to a single immunodominant epitope on gp160 in 
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conjunction with only one of four MHC class I molecules tested 
(Takahashi et al . ,  1988). 

MHC-restricted HIV-specific CTLs have been detected in the 
peripheral blood, lungs, and cerebrospinal fluid of HIV-infected 
individuals (Walker et al.,  1987; Plata et al . ,  1987; Sethi et al . ,  1988). 
Circulating CTLs were shown to be capable of killing env-, gag-, and pol- 
expressing target cells (B. D. Walker et al.,  1987, 1988; Langlade-Demoyen 
et al.,  1988; Nixon et al . ,  1988). A recent study has found that cloned 
CTLs can lyse cells expressing HIV reverse transcriptase as well as env 
proteins from highly divergent HIVs, suggesting that the epitope on gp120 
that is recognized by CTLs is conserved (Koenig et al.,  1988). This latter 
study also found that some of the CTL activity was non-MHC restricted. 

CMC by non-T effector cells has been described in HIV-infected 
patients (Ruscetti et al . ,  1986), the highest levels of CMC occurring in 
asymptomatic seropositive individuals (Weinhold et al.,  1988). The non- 
MHC-restricted CMC is effected by CD16+ natural killer (NK) cells, 
directed at gpl20-coated target cells, and augmented in the presence 
of IL-2. NK cell-mediated CMC against HIV has also been observed 
in unfractionated cells from both HIV-infected and uninfected individuals 
in the presence of IL-2 (Rook et al. ,  1985). The delineation of the role 
of both MHC-restricted and unrestricted CMC responses in the preven- 
tion of initial infection with HIV or in the progression of HIV-induced 
disease awaits further study. 

3. Other Cellular Responses to HIV 

Suppression of HIV replication by CD8+ lymphocytes has been 
reported by Walker et al. (1986). They found that HIV reverse transcrip- 
tase activity substantially increased when CD8 + cells were removed from 
cultured PBMCs from HIV-infected individuals. The addition of 
autologous CD8+ cells suppressed both initial and ongoing virus replica- 
tion in a dose-dependent manner and did not appear to act via a cytolytic 
mechanism. 

VI. Summary and Conclusions 

The successful control of HIV infection through either therapeutic 
agents or vaccines requires an extensive understanding of the agent itself 
and its pathogenesis. The fact that HIV is a member of the lentivirus 
subfamily of viruses was an immediate clue that the natural history of 
HIV infection would entail a lengthy latent period and disease progres- 
sion, despite the generation of an immune response. Investigators have 
now characterized nine genes of HIV, including six regulatory genes which 
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are thought to play an important role in the regulation of virus expres- 
sion. The finding that the CD4 molecule is the receptor for HIV was 
instrumental in the recognition of the cell types, particularly T4 lym- 
phocytes and monocyte/macrophages, that are infected by HIV in vivo. 
The rapid variation in the HIV genome that occurs during virus replica- 
tion may impact on the ability of the virus to escape immune surveillance 
as well as the apparent differences in isolate specific cell tropism. 

Although the exact processes by which HIV causes immunosuppres- 
sion, neurological abnormalities, and other clinical manifestations are 
not known, it is clear that HIV can either kill T4 lymphocytes or render 
the cells functionally incompetent. Many studies have shown that the 
immunological abnormalities observed in HIV infection are not due solely 
to a depletion in CD4+ cells but to interference with the proper func- 
tioning of these cells as a result of virus binding to CD4 or through down- 
regulation of cellular gene function. Since the CD4+ T helpedinducer 
cell interacts with a myriad of other immune cells during the normal 
immune response, quantitative or qualitative changes in the T4 cell 
population have a pervasive effect on the immune system as a whole. 
Other cell types, such as monocyte/macrophages, bone marrow precur- 
sor cells, and Langerhans cells, may play an important part in the 
pathogenesis of HIV infection by functioning as reservoirs of HIV in 
the body and by infecting T4 cells during immune interactions. 

The question of why infection with HIV results in a long and variable 
asymptomatic period has not yet been adequately answered. Clearly, 
suppression or activation of viral regulatory genes is involved in HIV 
expression. Agents that have been shown to up-regulate HIV expres- 
sion include mitogens, specific antigens, heterologous viruses, and 
cytokines that are invoked during normal human immune responses. 
Cytokines, mitogens, and heterologous viral genes have all been shown 
to up-regulate HIV expression via a trans-activating mechanism that 
acts on the HIV promoter sequences and is mediated by the binding 
of specific DNA-binding proteins to the HIV LTR. Five separate cellular 
protein-binding regions of the HIV LTR have been identified, imply- 
ing that up-regulation of HIV expression may occur through several 
distinct mechanisms (Garcia et al., 1987). Activating agents may also 
up-regulate HIV expression by demethylating LTR enhancer sequences 
(Bednarik et al., 1987). At the same time that agents may be activating 
HIV expression, HIV infection may be affecting cellular gene expres- 
sion (Fig. 7). 

Neurological abnormalities, commonly found in HIV infection, can 
present in either a latent or active form both with or without 
immunological impairment. The precise mechanisms whereby HIV 
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FIG. 7. The effect of inductive signals on the activation of HIV expression and the 
effect of HIV gene products on cellular gene expression. [Adapted with permission from 
Fauci, A .  S. (1989). Truns. Assoc. Am. Physzciuns 101 (in press).] 

induces a wide range of neurological dysfunction are not well under- 
stood. Some hypotheses include the elaboration of cytotoxic factors from 
HIV-infected macrophages in the brain, interference with neurological 
transmitters or neurotropic factors, direct infection of neuronal cells, 
synergism between HIV and opportunistic viruses in the CNS of AIDS 
patients, and autoimmune phenomena. 

The role of the immune system in preventing or limiting infection 
with HIV is poorly understood. While many immune responses to HIV, 
such as the development of neutralizing antibodies, ADCC, ACC, and 
CTLs, have been delineated, the majority of HIV-infected individuals 
appear to follow an inexorable path to full-blown AIDS. The develop- 
ment of effective anti-HIV vaccines or immune system enhancers depends 
on a further understanding of a protective immune response. 

Although many questions have been answered with unprecedented 
speed, a greater understanding of the complex interactions between HIV 
and its host are clearly needed in order to effectively treat active infec- 
tions and prevent the acquisition of new infections and the progression 
of latent infection to active disease. Further research into the pathogenesis 
of HIV infection using both in vitro experiments and in vivo studies in 
novel small-animal models, such as the severe combined immunodefi- 
ciency and transgenic mouse models (Mosier et al., 1988; McCune et al., 
1988a; J. M. Leonard et al., 1988; Namikawa et al., 1988), should 
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continue to provide important insights for the control of AIDS in par- 
ticular and other human diseases in general. 
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1. Introduction 

Autoimmune diseases (AID) that are experimentally induced in 
primarily normal animals by appropriate immunization with antigens 
with or without adjuvants have greatly contributed to our insight into 
the natural history of this large group of diseases. By this means, 
experimental AID can be produced in animals of many different species 
and in nearly every organ. As a matter of fact, even induction of systemic 
murine lupus by immunization of normal mice with antiidiotypic 
antibodies to human antinuclear antibodies carrying the so-called 
idiotype 16.6 has recently been successfully achieved (Mendlovic et al . ,  
1988). Prototypes of organ-specific experimentally induced AID, e.g., 
experimental autoimmune encephalomyelitis (EAE) (Paterson, 1966), 
are often considered a model for human multiple sclerosis, and 
experimental autoimmune thyroiditis (EAT) (Witebsky and Rose, 1956; 
Rose and Witebsky, 1956; Weigle, 1980) was originally deemed to be 
a model for human Hashimoto thyroiditis (Roitt et al.,  1956). Although 
there is no question that certain of these experimental AID closely mimic 
their human counterparts, animal models with spontaneously develop- 
ing AID, i.e., without the necessity of experimental manipulation, cer- 
tainly resemble human AID more closely. The best known and some 
other promising animal models with spontaneously developing AID are 
listed in Table I. 

Chickens of the obese strain (0s) develop a spontaneous autoimmune 
thyroiditis (SAT) that closely resembles human Hashimoto thyroiditis 
in all clinical, endocrinological, histopathological, and immunological 
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TABLE I 
SOME ANIMAL MODELS FOR SPONTANEOUS AID 

Reference 

Autoimmune hemolytic anemia, 
systemic lupus erythematosus, 
glomerulonephritis, pneumonitis 

NZB mice 
(NZB X NZW)F1 mice 
MRL/l ( h p )  mice 
BXSB ( ~ a a )  mice 
CSH/HeJ (g ld)  mice 
C57BL/6 moth-eaten ( m e )  mice 

Obese strain ( 0 s )  chicken 

Buffalo (Buf’) rat 
Mastomys 

Thyroidi tis 

Dog 

Mink disease (glomerulonephritis, 
arteritis, orchitis) 

Aleutian mink disease 

Diabetes mellitus 
BB Wistar (BB/W) rat 
Chinese hamster 
Obese (ob) mice 

Cutaneous amelanosis 
Delayed amelanosis (DAM) chicken 

University of California at Davis 
Scleroderma 

(UCD 200) chicken 

Bielschowsky et al. (1959) 
Helyer and Howie (1963); Dixon (1979) 
Murphy (1981) 
Murphy (1981) 
Murphy and Roths (1979) 
Shultz and Green (1976) 

Cole (1966); Cole et al. (1968) 
Lewis and Schwartz (1971) 
Silverman and Rose (1975) 
Solleved et al. (1982) 

Lodmell and Portis (1981) 

Nakhooda et al. (1977) 
Gerritsen and Blanks (1970) 
Coleman and Hummel (1967) 

Lamont and Smyth (1981) 

Gershwin et al. (1981) 

aspects (Cole et al., 1970; Wick et al., 1974, 1981, 1982a, 1985; Rose 
et al., 1976). The 0 s  was discovered and developed over 30 years ago 
(Van Tienhoven and Cole, 1962; Cole, 1966; Cole et al . ,  1968), and the 
present review will attempt to summarize the data that have been 
obtained in studies of this model by various groups. The fact that this 
disease occurs in an avian species has several advantages. These include 
the now classical anatomical division of the avian immune system into 
B and T cell dependent portions facilitating separate experimental 
manipulation of humoral and cellular immune responses. Further advan- 
tages are the extramaternal development, thus easy accessibility of the 
avian embryo, and the availability of a large number of offspring from 
one pair of parents, thus accumulation of convenient numbers of animals 
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for immunogenetic work and statistical analyses. The chicken major 
histocompatibility complex (MHC) class I antigens are expressed in high 
density on the surface of erythrocytes, thus allowing for histocompatibility 
typing by simple hemagglutination procedures (HBla, 1977). Finally, 
avian erythrocytes are nucleated and constitute a convenient source for 
large amounts of DNA for molecular biological studies. The most impor- 
tant advantage of the 0s model is perhaps that severe SAT already 
develops in the second or third week after hatching, as compared to the 
long lag period in other animal species with spontaneous AID, e.g., 
murine lupus (Theofilopoulos and Dixon, 1985). 

Working with chickens as experimental animals, however, also includes 
certain disadvantages, such as the considerably higher costs of breeding 
and raising them as compared to rodents, and the relatively long genera- 
tion time of 6-7 months. Some of these problems are briefly mentioned 
in the next section. 

Furthermore, there are relatively few inbred strains available for 
immunogenetic studies, and the chicken MHC is less well characterized 
than that of humans, mice, or rats. Finally, only few monoclonal 
antibodies (Mabs) are available for phenotypic and functional analyses 
of lymphoid and nonlymphoid cells involved in the immune reaction 
of birds. 

II. Development of the Strain-Breeding Requirements 

The 0s is a white Leghorn line that was originally developed at Cornell 
University, Ithaca, New York, from the special Cornell C strain (CS) in 
the late 1950s and was first described by Cole (1966). Historically, symp- 
toms for hypothyroidism, such as small body weight, cold sensitivity, 
increased amounts of subcutaneous fat deposits, and delayed sexual 
maturation, were first clinically observed in a few ( < 1 % )  female CS 
chickens of this closed-bred colony. These phenotypically 0s dams were 
mated with normal CS sires, and after three generations (1955-1957) of 
selective breeding the percentage of female chickens with the obese trait 
was raised to 10%. Several breeding populations were then selected based 
on this scheme, with respect to the phenotypic hypothyroid trait, and 
in 1958 the first sires were also found which showed the described signs 
of hypothyroidism. From this time on only dams and sires which expressed 
the described obese trait were selected for the parental population. The 
chronological emergence of the phenotypic signs of hypothyroidism is 
shown in Table 11. 

The 0 s  flock in the Central Laboratory Animal Facilities of the 
Medical School, University of Innsbruck, Austria, derived from a nucleus 
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TABLE I1 
INCIDENCE OF THE OBESE-HYPOTHYROID TRAIT IN THE COURSE OF SELECTIVE BREEDIN@ 

Males Females 
No. of No. of 

Generation Year sires dams No. Obese ( % ) b  No. Obese ( % ) b  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

1959 
1960 
1961 
1962 
1963 
1965 
1967 
1969 
1970 
1971 
1972 
1974 
1976 
1978 

4 
5 
5 
4 
5 
6 
8 
8 
5 
8 
8 
8 
8 
8 

38 
43 
60 
50 
67 
42 
64 
72 
55 
64 
72 
72 
72 
72 

244 
334 
313 
376 
493 
238 
283 
390 
355 
352 
423 
451 
455 
396 

14 
25 
50 
67 
76 
83 
83 
89 
90 
93 
83 
97 
96 
98 

273 
355 
357 
328 
498 
289 
246 
380 
326 
343 
407 
441 
471 
338 

58 
70 
81 
88 
83 
93 
92 
93 
93 
94 
91 
97 
97 
99 

aFrom Wick et al. (1981). 
Percentage of animals with phenotypic symptoms of hypothyroidism. 

provided by Cole in 1970 and is separated more than 18 generations from 
the original 0s population at Cornell University. Due to a limited number 
of appropriate animal rooms, only a relatively small colony of selected 
0 s  birds can be maintained every year as a breeding population. These 
limitations, which may also apply to other potential users of this model, 
necessitate the implementation of rigorous selection criteria for main- 
taining suitable parental generations which guarantee sufficient numbers 
of offspring. Only those dams and sires are selected which distinctly show 
the phenotypic hallmarks of 0s and are typed as homozygous at the 
MHC (B locus in chickens). Additional selection criteria include 
serological analyses [thyroglobulin autoantibodies (Tg-AAbs)] and the 
production of sufficient numbers of eggs and high-quality semen for 
every individual 0s bird. 

The hypothyroid status of 0s chickens essentially determines the 
housing and breeding schemes for parental birds. Specific requirements 
have to be fulfilled to establish a colony of this animal model and to 
maintain it successfully for several generations. This goal can only be 
accomplished if rigid precautions for adequate housing and breeding 
procedures are efficiently implemented. 
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A. HOUSING OF 0s CHICKENS 

During the first 3 weeks after hatching, the usual housing conditions 
for newly hatched and growing chickens are used. Room temperatures 
of 28-30°C, adequate age-related space, a controlled day-night rhythm, 
and standard hygienic procedures (cleaning and disinfection programs, 
etc.) are offered to all chickens. 

As adequate feed for the first 3 days after hatching, bruised corn and 
quartz sand are given to the chickens as a starter food. Then a com- 
mercial, age-related food is given as described elsewhere (Dietrich, 1989). 
To prevent functional failures due to the hypothyroidism of the 0s 
chicken, the food of the parents is supplemented with protamone 
(i.e., iodinated casein, Agri-Tech, Kansas City, Missouri) for metaboliz- 
ing T3 and T4; 100 g of protamone is carefully mixed with 1000 kg of 
food (100 ppm) by the food supplier. Alternatively, pure thyroxine (T4) 
can be used. In this case a premix of 1 g of T4 per kg of food is prepared 
and mixed with 4000 kg of food to a final thyroxine concentration of 
250 pg/kg of food (Sundick et al. ,  1979). Fresh drinking water is offered 
by an automatic nipple system. 

Due to their hypothyroid trait and thus cold sensitivity of 4- to 5-week- 
old 0s chickens, the room temperature is kept at 26-28OC during the 
growth period. For adult 0s birds the room temperature is reduced to 
22-24OC and retained in this range during the production period. 

Male and female 0s birds are housed individually from the age of 
10-12 weeks on, preferably using cages that provide considerably more 
floor space per bird than commercially available batteries. 

B. BREEDING OF 0s CHICKENS 

The selection procedure of parental 0s birds is based on a two-step 
classification schedule. In the first step 10-week-old male and female 
chickens are classified phenotypically with respect to body weight, feather 
structure, and comb and wattle development (see Section 111,A). Serological 
determination of Tg-AAbs and analysis for the MHC haplotype (Hgla, 
1977) complete this first selection procedure. All appropriate 0s birds 
are raised to the age of 20 weeks and are then reselected in a second 
classification step for the expression of the typical 0s phenotype (Fig. 1). 
Moreover, for every individually housed 0s dam the day of the first egg 
laying as well as egg weights and the number of layed eggs are recorded. 
For every 0s sire the quality and quantity of the ejaculate are deter- 
mined to confirm the accuracy of the selection for suitable parental birds. 

Offspring of selected 0s sires and dams destined as experimental 
birds or as the next breeding population are produced using artificial 
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FIG. 1. Twenty-week-old female 0s chicken (right) and age-matched normal white 
Leghorn (NWL) control (left). Note the phenotypic characteristics of the 0 s  bird, such 
as smaller body size: small comb: long, silky feathers; and a ruffled appearance due 
to cold sensitivity. 

insemination. Freshly collected, undiluted semen aliquots of 0.1-0.3 ml 
are gently placed into the uterus of selected hens by 1-ml syringes twice 
a week. The productivity of males and females is recorded for each bird. 
Eggs are collected daily; marked with the wing tag number of the dam, 
the MHC genotype, and the collecting date; and stored in a cooler at 16OC 
maximally for 2 weeks. During the incubation time, standardized tempera- 
ture and relative humidity are observed. Hatched chickens are marked 
by two wing tags fixed in both wing webs and comb dubbed. Hatching 
date, wing tag numbers, and haplotypes of both parents are recorded. For 
security reasons all animals are MHC typed at the age of 4 weeks. 

111. Clinical and Histopathological Characteristics 

A. CLINICAL SYMPTOMS 

The characteristic clinical features of hypothyroidism appear only 3-5 
weeks after hatching and become more pronounced thereafter (Fig. 1). 
One such feature is small body size, albeit relatively high body weight 
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due to subcutaneous and abdominal fat deposits (hence the name). 
Further symptoms include a soft, pliable skin; long silky feathers; small 
combs; lipemic serum; delayed sexual maturity; poor egg-laying ability; 
low fertility of eggs; and sensitivity to temperatures below 2OoC (Cole 
et al., 1970). These symptoms can also be reproduced experimentally 
in normal chickens by pharmacological thyroidectomy (Van Tienhoven 
and Cole, 1962) and can be reversed by diet supplementation with thyroid 
hormones, as mentioned in Section I1,A. Chickens possess two completely 
separated lobes of thyroid glands, each adjacent to the most caudal 
thymus lobe and firmly attached to the carotid arteries at the base of 
the neck. The thyroid glands first become grossly enlarged during the 
phase of maximal influx of mononuclear cells due to the attempt to com- 
pensate for the loss of functional thyroid tissue. After complete infiltra- 
tion and destruction of thyroid glands have taken place, there is a 
significant reduction in size, up to complete atrophy (“burnt-out’’ 
thyroids) in older birds to an extent that it may be difficult to localize 
them during autopsy. 

Thus far, involvement of other organs-in addition to the thyroids-in 
the autoimmune process has not been described in the 0 s  chicken in 
spite of the fact that AAbs against nonthyroid antigens, both organ 
specific and systemic, have been demonstrated in this strain in rather 
high frequency (Khoury et a l . ,  1982; Aichinger et al., 1984). As discussed 
in Section V, the reason for this seems to be that, for the development 
of SAT, an abnormal function of the immune system and a genetically 
determined susceptibility of the target organ to the autoimmune attack 
are essential prerequisites (Wick et al., 1986). In the case of SAT in the 
0s chicken, this predisposing susceptibility of the target organ has been 
proven by appropriate cross-breeding experiments between 0s and 
healthy, inbred normal white Leghorn (NWL) chickens (see Section 
VIII, B). 

General investigations on the pathophysiology of nonthyroid metabolic 
functions in the 0 s  chicken are still scarce. Blood sugar, serum concen- 
tration of total lipids, total glycerol, cholesterol, and phosphatides were 
determined (Rudas et a l . ,  1972). As expected on the basis of the 
characteristically lipemic serum, significantly increased serum lipid con- 
centrations were found at the ages of 1, 5 ,  8 ,  and 15 weeks. A single 
intravenous injection of heparin in a dose which prolongs bleeding time 
had no “clearing effect” on serum lipids of 0 s  birds. Insulin, given sub- 
cutaneously for 4 days, had no effect on blood sugar but decreased the 
serum phosphatides and total lipid concentrations. The short-term 
administration of high doses of thyroxine significantly lowered the serum 
levels of total lipids, cholesterol, phosphatides, and total glycerol, thus 
supporting the notion that the hypothyroid state is the cause of the 
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hyperlipidemia in this strain. These findings were later corroborated 
by Raheja et al. (1986), who found that 0s chickens have significantly 
increased insulin/glucagon ratios and suggested that these could cause 
hyperlipidemia and obesity in these birds. 

B. HISTOPATHOLOGY 

1. Thyroid Glands 

The histopathological changes of the thyroid glands in 0 s  chickens 
have been studied in detail by conventional (Cole, 1966; Kite et al., 1969; 
Wick et al . ,  1970a) and electron microscopy (Wick and Graf, 1972) as 
well as by immunohistochemical techniques (Wick et al., 1970d). The 
thyroids become infiltrated by mononuclear cells just 1-2 weeks after 
hatching, and at the age of 3-4 weeks animals of both sexes display severe, 
often complete infiltration. The process of infiltration starts multifocally 
around capillaries and venules, then shows signs of confluence, and finally 
results in complete disruption of the thyroid architecture and replace- 
ment of the thyroid tissue by infiltrating mononuclear cells. The degree 
of SAT is arbitrarily graded according to an originally established scoring 
schedule (Kite et al., 1969), where 1+ corresponds to the involvement 
of up to 25% of the total histological cross-section, 2 +  represents 
25-50%, 3 +  represents 50-75010, and 4 +  corresponds to 75% to total 
thyroid infiltration (Fig. 2). Sundick and co-workers (1980) propagated 
a more accurate system using planimetric evaluation of the degree of 
thyroid infiltration. 

In fully blown SAT both small and large lymphoid cells, abundant 
numbers of plasma cells, and many macrophages can be distinguished. 
A hallmark of SAT that is only paralleled in human Hashimoto 
thyroiditis, but not in EAT, is the presence of many well-developed ger- 
minal centers (Fig. 2d). At early stages of the disease the vessels are 
engorged with lymphoid cells, and electron-microscopic analysis showed 
migration of these through the vessel walls into the perivascular space. 
As far as the nature of the infiltrating cells is concerned, original studies 

have emphasized the salient feature of plasma cells and immunoglobulin 
(1g)-producing B cells in early stages of the disease. It is especially 
noteworthy that, in addition to the already mentioned germinal centers, 
B cells and plasma cells are also found in the immediate vicinity of thyroid 
follicles and even between thyroid epithelial cells (TECs), a process called 

FIG. 2. Thyroid glands of 4-week-old 0s chickens with different degrees of lym- 
phoid infiltration. (a) 1+, up to 25% of cross-section occupied by mononuclear cell 
infiltrate; (b) 2 + ,  25-50% involved; (c) 3 + ,  50-75%; (d) 4 + ,  75% to total infiltration 
(note germinal centers). Hematoxylin-eosin stain was used; magnification X 27. 
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peripolesis (Wick and Graf, 1972). With the advent of new reagents for 
the identification of subpopulations of mononuclear cells, the initial 
events of infiltration could be scrutinized in more detail. Thus, it was 
possible to exactly identify the very first mononuclear cells that arrived 
in the thyroid glands as T cells that express interleukin-2 (IL-2) recep- 
tors on their surface (Hgla et a l . ,  1986). Although B cells participate 
in the process at an early stage, IL-2 receptor-positive T cells clearly 
precede them. A more accurate identification of the exact nature of these 
T cells will now be possible by the use of newly developed Mabs against 
the avian analogs of CD3 (Chen et a l . ,  1986), CD4, and CD8 (Chan 
et al.,  1988). Studies with these and Mabs against the chicken a/@ (Chen 
et al., 1988; Cihak et al.,  1988) and y/S (Sowder et al.,  1988) T cell 
receptors are under way. 

In later, more severe phases of thyroid infiltration, macrophages also 
invade the thyroid epithelial lining and can be found in the lumen of 
many follicles that are in a stage of degeneration. TECs which are in 
close contact with mononuclear cells show severe signs of disintegration 
(Wick and Graf, 1972) and, in the case of peripolesis, this is associated 
with disruption of the follicular lining, necrosis, and sloughing of TECs, 
macrophages, and lymphoid cells into the follicular lumen (Fig. 3). 
Finally, the follicles collapse, and often attempts at TEC regeneration, 
albeit unsuccessful, can be observed. Granulocytes are rare in all stages 
of the disease and TECs packed with mitochondria corresponding to 
the oncocytes (Hiirthie cells) in Hashimoto disease have not been observed 
in MT. 

The degenerative changes of TECs can be found not only after onset 
of mononuclear cell infiltration but also in the thyroid glands of newly 
hatched chickens. They consist of formation of vacuoles in single TECs 
or even in whole follicles (Wick and Graf, 1972). These alterations are 
focal and seem to be due to the vertical transfer of antithyroid (mainly 
anti-Ig) antibodies from the mother hen via the egg yolk into the chick. 
Granular deposits of complement-fixing Tg-AAbs have been described 
along the follicular basement membrane in the thyroid glands of 0s 
embryos and newly hatched chicks (Katz et al.,  1981; Kofler et al.,  1983). 
As discussed in Section IV,A, the presence of such antibodies may not 
cause but may accelerate the onset of SAT. 

The different composition of the cellular infiltrates in the thyroids 
of animals with EAT as opposed to 0 s  chickens with SAT has been com- 
pared in detail (Wick and Burger, 1971). One characteristic feature of 
SAT as compared to EAT is the self-limiting nature of the latter, which 
never entails complete destruction of the thyroid, and thus clinical symp- 
toms of hypothyroidism. 
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FIG. 3. Thyroid gland of a 4-week-old 0s chicken showing destruction of a follicle 
by lymphoid cells penetrating between thyroid epithelial cells (TECs) [(PP (peripolesis)]. 
A macrophage (McP) and a lymphocyte (Lc) have merged into the follicular lumen. 
TECs are characterized by villi extending into colloid (Co) ,  partly showing degenerative 
vacuoles. Lymphoid cells (L) are in the infiltrate surrounding the follicles. f , Follicular 
basement membrane. Magnification X 3575. 

Two additional features, characteristic for chickens in general, have 
to be mentioned in this context. First, small foci of lymphoid cells are 
commonly found in different endocrine organs, including the thyroid 
glands. Such foci do occur in both NWL and 0s chickens (Wick et al., 
1970~). An experienced pathologist can easily distinguish them from 
“real” minimal infiltration, because these foci are well secluded and show 
no signs of penetration between thyroid follicles, and follicular damage 
cannot be observed in their vicinity. A second, more intriguing feature 
is the following: Chickens have 14 thymus lobes, seven on each side of 
the neck adjacent to the jugular veins, and the thyroid glands are in 
close contact with the most caudal thymus lobe. This last thymus lobe 
often lacks the cortex in the area abutting the thyroid gland, so that 
the medulla seems to come into direct contact with the latter, often only 
separated from it by a very thin connective tissue layer. A process ten- 
tatively called thymus-thyroid barrier breakdown can often be observed 
in the 0s chicken (Wick et al., 1970b,c), where this connective tissue 
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layer is destroyed and mononuclear cells seem to penetrate directly from 
the thymus into the thyroid gland, a phenomenon that has never been 
observed in NWL controls. This observation is one of the many prob- 
lems that still need in-depth morphological and functional elucidation 
in this animal model, since it may play a crucial role at the beginning 
of the infiltration process. 

2. Other Organs 

The only clinical symptoms in the 0 s  chicken are those associated 
with hypothyroidism. As will be mentioned in Section IV,A, the sera 
of 0 s  chickens, however, also contain AAbs against a variety of other 
nonthyroid antigens (Wick et al . ,  1970d; Khoury et al.,  1982; Aichinger 
et al . ,  1984). Despite this fact, strong mononuclear cell infiltration has 
not been found in organs other than the thyroid gland, and clinical symp- 
toms of systemic AIDs are also absent in this animal model. However, 
it has to be emphasized that a detailed histopathological analysis of dif- 
ferent organs known to be particularly prone to AIDs, such as the gonads 
and the adrenals, is still lacking in the 0 s  chicken and may be a 
worthwhile subject of investigation. 

3. Central and Peripheral Lymphoid Organs 

The central and peripheral lymphoid organs of 0s chickens show 
characteristic changes. In their bursa a marked thickening and branching 
of the basement membrane can be found separating the cortex from 
the medulla of the bursa1 follicles (Wick and Graf, 1972). The puzzling 
changes often, but not always, observed in the last thymus lobe have 
already been mentioned; the other lobes show no salient histopathological 
alterations. Germinal centers are constantly absent in the medulla of 
the upper six lobes of the thymus, but in the case of the above-mentioned 
breakdown of the thymus-thyroid barrier, the transition zone between 
the last thymus lobe and the thyroid gland seems to be a predilection 
site for the emergence of germinal centers (Wick et a l . ,  1970~). Quan- 
titative analysis of the proportional content of T and B cells in thymus, 
spleen, and peripheral blood revealed increased numbers of B cells in 
all of these organs, as discussed in Section IV,B (Albini and Wick, 1974). 

IV. Humoral and Cellular Immune Reactions 

A. HUMORAL IMMUNE REACTIONS 

0 s  sera contain AAbs against thyroid antigens in a frequency of over 
90%. The first antibodies that had been demonstrated in the strain were 
Tg-AAbs (Cole et a l . ,  1968), but antibodies against microsomal antigens 
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and T3 and T4 are also present. Tg-AAbs can be detected with a variety 
of methods including passive hemagglutination, double diffusion in gel, 
complement fixation, immunofluorescence, radioimmunometric tech- 
niques (Pontes de Carvalho et al.,  1980), and enzyme-linked immuno- 
sorbent assays (Kofler et al., 1984). Tg-AAbs of IgG class clearly 
predominate over IgM antibodies. In the first stages of the disease, the 
titer of IgG Tg-AAbs correlates well with the severity of MT. Later, i.e., in 
chickens with burnt-out thyroid glands, Tg-AAbs may, however, disappear. 

This latter observation prompted us to determine whether the pres- 
ence of the autoantigen, i.e., Tg, was necessary for the development and 
persistence of Tg-AAbs or whether such antibodies could also result from 
polyclonal activation. This point was studied by assessing the influence 
of neonatal thyroidectomy on the development of Tg-AAbs in 0 s  
chickens. As demonstrated in Table I11 (Pontes de Carvalho et al., 1982), 
Tg-AAbs fail to develop in the absence of the autoantigen. Furthermore, 
Tg-AAb production depends on the presence of an intact thymus, since 
depletion of T cells in 0s chickens by neonatal thymectomy plus treat- 
ment with a highly specific turkey anti-chicken T cell serum prevents 
the formation of Tg-AAbs (Pontes de Carvalho et a l . ,  1981; see also Table 
VII). It is noteworthy in this context that mammalian antibodies against 

TABLE I11 
EFFECT OF NEONATAL THYROIDECTOMY ON Tg-AAb FORMATION IN 0 s   CHICKEN^ 

Tg-AAb 

Titer (logz) of positive sera 
Experiment Treatment Incidenceb (mean f SD) 

1 (10 weeks Tdx 0/5 < 1  
after Tdx) p = 0.01c 

None 18/25 3.8 rt 2.9 

2 (9 weeks Tdx 1/15 3 
after Tdx) p = 0.02c 

Sham-Tdx 11/24 5.0 f 2.4 
None 5/12 4.6 f 1.9 

3 (7 weeks Tdx 3/13d 2.0 f 1.0 
after Tdx) p = 0.04c 

Sham-Tdx 11/16 3.7 f. 2.8 

uTdx, Thyroidectomy. (Modified from Pontes de Carvalho et al., 1982.) 
Number of animals with TgAAbs (passive hemagglutination) per total number in 

the group. 
c p  values were calculated by Fisher’s exact probability test. 
dTwo of these chickens had thyroid remnants. 
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chicken T cells are not active in an avian system in Vivo, presumably 
because they cannot bind avian complement. Tg-AAbs show a strict organ 
specificity and a limited species specificity. Thus, strong reactions can 
be obtained with Tg of other avian species, but cross-reactions with mam- 
malian Tg are very rare and, if present, are rather weak (Wick and 
Burger, 1971). 

At the present time in their natural history, 0 s  chickens already start 
to produce Tg-AAbs during the second week of life and extremely high 
titers can be obtained 4-5 weeks after hatching. There is, however, a signifi- 
cant transfer of IgG Tg-AAbs from the mother hen via the yolk into the 
newly hatched 0s chick. AAbs can be demonstrated not only in the serum 
of the embryo and the chick but also as granular deposits along their 
thyroid follicular basement membranes. Codistribution of complement 
with these IgG deposits has been shown in double-immunofluorescence 
tests. Furthermore, elution experiments with low pH buffers have been 
performed to prove that these immune complexes contain Tg as the rele- 
vant autoantigen (Katz et al., 1981; Kofler et al., 1983). 

As will be discussed later, the first cells that seem to mediate the 
development of SAT are T cells that express IL-2 receptors (Hdla et al., 
1986). The presence of TgAAbs only seems to have an accelerating effect 
on the disease process (Jaroszewski et al., 1978). The fact that Tg-AAbs 
can already be found in the serum of 0 s  embryos and newly hatched 
chickens as well as deposited in situ in the thyroid gland is therefore 
important for the early development of the disease. In chickens without 
circulating Tg-AAbs, SAT also emerges, but considerably later, i.e., 20-40 
weeks after hatching (Htila, 1988), and less severe. This was one of the 
reasons that, in earlier publications on the pathogenesis of SAT, more 
emphasis was given to humoral as opposed to cellular effector mech- 
anisms. As detailed in Section VI,A, the prominent role of effector T cells 
could only be studied later, when appropriate reagents, transfer systems, 
Mabs for identification of various subpopulations of mononuclear cells, 
and appropriate in vitro cell culture techniques had been developed for 
the chicken system. Attempts to identify the sites of Tg-AAb production 
in central and peripheral lymphoid organs, notably bursa, spleen, and 
the infiltrated thyroids themselves, were hampered by the lack of success 
in establishing a plaque-forming cell assay with chicken Tg-coated sheep 
red blood cells (SRBCs) (Kofler and Wick, 1979). 

Tg-AAb -producing B cells, plasma cells, and germinal centers could 
be detected by immunofluorescence only in the infiltrated thyroid glands 
(Kofler and Wick, 1978) but not in the spleen, bone marrow, medulla 
of the thymus, bursa of Fabricius, and Harderian glands. (The Harderian 
gland is the lacrimal gland for the nictitating membrane- the “third 
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eyelid’’-of the chicken. It becomes populated by B cells, which then 
differentiate into mature plasma cells in the third week after hatching. 
The Harderian gland thus is a unique site where pure B cells home in 
the periphery. These B cells are capable of strong antibody production.) 
Some of the Tg-AAb+ plasma cells in the thyroids were found in 
peripolesis, i.e., within the thyroid follicular epithelial cell lining 
(Schauenstein and Wick, 1974). To investigate whether all germinal 
centers in the thyroid glands of 0s chickens produce Tg-AAbs, 0s 
chickens were immunized with bovine serum albumin (BSA) and their 
thyroids were studied for BSA antibody-producing cells. Interestingly, 
a considerable number of the thyroidal germinal centers were found to 
produce such antibodies, thus underlining the notion that the heavily 
infiltrated thyroids of 0s chickens are, so to speak, transformed into 
a peripheral lymphoid organ that is capable of production of AAbs as 
well as antibodies against exogenous antigens. 

In more recent experiments we successfully stimulated peripheral blood 
lymphocytes (PBLs) of 0s chickens to Tg-AAb production in vitro, thus 
proving that extrathyroidal synthesis of these AAbs actually occurs 
(Tempelis et al., 1987). 0s chickens also showed significantly higher 
counts of Tg binding (Tg-coated SRBC rosette-forming) cells in spleen, 
thymus, and peripheral blood as compared to NWL controls (Richter 
et al., 1975b; Richter and Wick, 1975). This phenomenon is also found 
with PBLs of human Hashimoto disease patients and clearly precedes 
the emergence of the classical serological hallmarks of this disease 
(Perrudet-Badoux and Frei, 1969; Roberts et al . ,  1973; Urbaniak et al., 
1973; Richter et al., 1978). Attempts to demonstrate AAbs to the second 
colloid antigen in the sera of 0s chickens were so far unsuccessful (Wick 
et al. ,  1970d). 

Nilsson et al. (1971) reported the occurrence of AAbs to T4 in 16% 
of 0s chickens aged 1 week to 16 months, and the titer of these antibodies 
seemed to correlate well with the overall Tg-AAb titer, i.e., sera with 
high Tg-AAb titers were likely to also contain AAbs to T4. There was, 
however, no correlation between the severity of SAT and the presence 
of T4 AAbs. Later, Brown et al. (1985) showed AAbs to T3 and T4 (2.9% 
and 18%, respectively), also in the sera of adult female CS chickens. 
Again, these AAbs correlated well with the presence of Tg-AAbs. Similar 
to the situation in patients with thyroid disease (Moroz et al., 1983), 
some of these T3 and T4 AAbs showed restricted heterogeneity of their 
mobility in electrophoretic-autoradiographic assays. 

A further parallel of 0s chickens to patients with Hashimoto thyroiditis 
is the presence of AAbs against microsomal antigens in both instances, 
an observation never described for EAT. AAbs to thyroid microsomal 
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antigens were first demonstrated in about 10% of 0s sera by Khoury 
et al. (1982), and later with more refined technique in 26% of all 0s 
sera by Aichinger et al. (1984). In the course of these studies, analyses 
for nonthyroid AAbs were also performed, and both organ-specific and 
non-organ-specific AAbs were found in considerable percentages. The 
organ-specific varieties included AAbs against proventricular parietal 
cells, exocrine and endocrine (islets of Langerhans) constituents of the 
pancreas, the adrenal cortex, the parathyroid gland, and striated muscle. 
While such organ-specific AAbs were only rarely observed in the sera 
of inbred or outbred healthy NWL chickens, non-organ-specific AAbs, 
such as antinuclear antibodies, AAbs against mitochondria, smooth 
muscle antigens, and reticular fibers occurred in both 0s and NWL 
chickens, often even in higher frequency in the latter. Furthermore, Neu 
et al. (1984) described “natural” hemagglutinins in chickens directed 
against MHC class IV antigens which, however, were also of equal fre- 
quency in 0s and NWL birds. 

The reason for the high incidence of non-organ-specific AAbs in both 
0s and NWL strains is not known. One possibility may be that viral 
infections lead to polyclonal stimulation of the immune system, resulting 
in the formation of various kinds of AAbs without pathological conse- 
quences. On the other hand, such AAbs may also play a physiological 
role, acting as transporters of breakdown products of cells and tissues 
(Grabar, 1975). In any case thus far we and others did not find any 
pathological correlate of nonthyroid organ-specific AAbs, e.g., no signs 
of Addison-like disease or diabetes. However, this point still needs addi- 
tional histopathological and functional investigations before final 
statements can be made. 

Luster et al. (1977) evaluated the serum concentrations of the three 
known classes of avian immunoglobulins in 0s and CS chickens and 
found significantly lower values, sometimes even a complete lack, of IgA 
in 0s birds. This selective IgA deficiency, which was paralleled by 
elevated IgM concentrations, is especially interesting in view of the known 
higher frequency of AIDS in humans under these circumstances (Horowitz 
and Hong, 1975). 

In conclusion, 0s chickens show a general autoimmune hyperreactivity 
of the B cell system, but concomitant organ lesions or systemic manifesta- 
tion were only observed in the thyroid gland. As will be discussed in Section 
VII,A, several explanations may be put forward for this hyperreactivity, 
including a quantitative and/or qualitative alteration of the balance between 
helper and suppressor cells. If this were true, one would expect to find 
a general hyperreactivity of the humoral and cellular immune systems that 
is not confined to autoantigens. Data for such a generalized hyperreactivity 
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of the humoral immune system include the observation of increased titers 
of natural antibodies to sheep and rabbit RBCs (Richter et al . ,  1975a) 
and high numbers of PBLs forming SRBC rosettes in 0 s  as compared 
to age-matched NWL controls. In addition, Kite et al. (1979) have 
demonstrated higher hemagglutination titers in 0 s  birds actively 
immunized with SRBCs as compared to NWL chicks, but this observa- 
tion could not be confirmed in our laboratory. 

B. CELLULAR IMMUNE REACTIONS 

During the first decade of investigations on the effector mechanisms 
of SAT, emphasis was put on the B cell system and the role of AAbs. 
The reasons for this were manifold, but the most striking argument for 
this hypothesis was that early SAT did not develop in 0 s  birds that had 
been bursectomized in ovo or at the time of hatching (Wick et al., 1970a). 
In contrast, neonatal thymectomy entailed the development of the most 
severe, i.e., generally 4 + , SAT (Wick et al. , 1970b; Welch et al., 1973). 
In these experiments the histopathological and serological analyses were 
usually performed at the age of 7 weeks, i.e., at an early stage after 
hatching. The conclusion from these observations was that B cells and 
their products, e.g., Tg-AAbs, were instrumental for thyroid gland 
damage and that early removal of the thymus somehow resulted in the 
“abolition of the self-recognition control mechanism” (suppressor T cells 
were not known at that time) and thus led to the most severe disease. 
This concept was further supported by studying a unique combination 
of experimental models, viz. 0.5 chickens with SAT and a simultaneous 
adjuvant-induced EAE. For this purpose, EAE was induced in either 
7-week-old untreated or neonatally bursectomized or thymectomized 0 s  
birds and the effect of these treatments was assessed at the age of 12 
weeks (Wick and Steiner, 1972a,b). The spontaneously developing 
thyroiditis and the experimentally induced autoimmune lesions of the 
central nervous system behaved completely independently: While bursec- 
tomized 0 s  chickens developed only mild SAT, if at all, the severity of 
EAE was unaffected by this manipulation. In contrast, neonatal thymec- 
tomy again entailed very severe SAT but prevented the development of 
EAE, thus apparently pointing to a different pathogenesis of the spon- 
taneous and experimentally induced AIDS. 

Additional support for a preponderant role of B cells in the natural 
history of SAT came from the results of a quantitative analysis of the 
proportional content of B and T cells in the peripheral blood and the 
central and peripheral lymphoid organs of 0 s  chickens as compared 
to NWL controls. A chronological study using specific polyclonal xeno- 
antibodies for the enumeration of B and T cells in the peripheral blood, 
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the thymus, and the spleen showed significantly higher proportional 
numbers of B cells in suspensions from these organs in the 0s as com- 
pared to those of age-matched normal controls. Further analysis of these 
B cells showed that they were mainly p-carrying cells (Albini and 
Wick, 1974). 

Novak et al. (1978) determined the content of lymphocytes with IgG-Fc 
receptors in bursa, bone marrow, spleen, thymus, and embryonic liver 
of 0s and normal chickens and found a significant increase of such cells 
in the 0s spleen soon after hatching. Thunold et al. (1981) demonstrated 
a high number of IgG Fc receptor-positive cells in the thyroid infiltrate. 

Based on the assumption of a possible central role of B cells in the 
development of SAT, 0s chickens were treated with injections of turkey 
anti-B cell (ABS) or anti-T cell sera (ATS) as a possible way for selective 
immunosuppression. SAT was significantly suppressed by ABS, but ATS 
had only a slight protective effect (Wick et al., 1971). As this ATS treat- 
ment was first not combined with neonatal thymectomy, complete deple- 
tion of peripheral T cells was not to be expected and the slight suppressive 
effect was attributed to the elimination of the apparently minor T cell 
population within the infiltrate of the 0s thyroid glands. 

In addition to all of these observations pointing to a general hyper- 
reactivity of the B cell system and perhaps also an important role of 
B cells in the pathogenesis of SAT, data on an increased reactivity of 
the T cell-dependent portion of the immune system emerged already 
in the early stages of investigations in the 0s. These studies centered 
around the issue of a possible altered T cell responsiveness, against both 
autologous and exogenous antigens. Thus, Kite et al. (1979) showed that 
3- to 6-week-old 0s chickens were considerably more resistant to b u s  
sarcoma virus-induced tumors than CS chickens. 

Delayed-type hypersensitivity to Tg has been demonstrated by skin tests 
in 0s chickens in a preliminary study by Welch and Kite (1971), but 
these authors were not able to correlate these reactions with the incidence 
and the severity of SAT in the limited number of chickens used in these 
experiments. 

Scanes et czl. (1976) and Jaroszewski et al. (1978) reported reduced size, 
weight, and total cell number of 0s lymphoid organs-in particular, 
the thymus, the bursa, and the blood. The significance of these find- 
ings in terms of the pathogenesis of SAT is not clear, but the most likely 
explanation is that the reduced cellularity was a consequence of the severe 
thyroiditis and, therefore, reduced levels of thyroid hormones. 

Jakobisiak et al. (1976) studied the T cell reactivity of 0s chicks in 
terms of the median survival time of skin grafts from donors matched 
with the recipient at the MHC (B locus in chickens). They did not find 
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any difference in the median survival time of BISBIS (old nomenclature 
B’B’) transplants on B1jBlS CS and 0s recipients, but a significant dif- 
ference was found when the recipients were thymectomized and skin 
grafted at hatching. Under these conditions 0s chickens rejected their 
transplants significantly faster than did CS birds. The authors explained 
their observations by an abnormal composition of thymus cells or the 
presence of abnormal thymus-derived suppressor cells in the 0s recip- 
ients. The fact that thymectomy did not prolong skin graft survival was 
attributed to a postulated acceleration of thymic development in 0 s  
chicks, thus resulting in a greater effector/suppressor T cell ratio in the 
periphery at the time of hatching as compared to CS controls. Possible 
criticisms of these conclusions include the fact that they did not con- 
sider minor histocompatibility antigen differences, which are known to 
be of relatively greater importance in chickens as compared to mam- 
malian systems. Furthermore, the data did not take into account the 
possibility that the function of the suppressor cell system depends not 
only on the suppressor cells themselves but also on the target cells to 
be suppressed. 

In the course of studies aimed at the elucidation of various effector 
mechanisms that may contribute to the development of SAT, Boyd and 
Wick (1980) developed microcytotoxicity assays utilizing 51Cr-labeled 
chicken (C) RBCs coated with Tg (Tg-CRBCs) by tannic acid to deter- 
mine Tg-specific direct cellular cytotoxicity (DCC) elicited by 0s lym- 
phocytes. Tg-CRBCs presensitized with 0 s  sera containing high-titer 
Tg-AAbs were used as targets for antibody-dependent cell-mediated 
cytotoxicity (ADCC); tannic acid only-treated CRBCs served as specificity 
controls for DCC and as targets for spontaneous cellular cytotoxicity 
(SCC) toward surface-modified “normal” cells (Boyd and Wick, 1981). 
These experiments showed that Tg-specific cytotoxic cells exist in the 
0s bird, and thus perhaps present an effector mechanism in SAT, which 
is discussed later. This DCC seems to be unrelated to the presence and 
the titer of circulating Tg-AAbs. In contrast to DCC, there was no overall 
difference in ADCC between the 0 s  and normal chickens when the two 
strains were considered as a whole. A chronological analysis, however, 
revealed that ADCC was significantly reduced in the peripheral blood 
of young 0s birds, followed by a later elevation above the levels in normal 
control chickens. SCC activity was identical in 0s and normal chickens 
throughout all age groups (Wick et al. ,  1982a,b). 

The reason for this early decrease in peripheral blood ADCC reac- 
tivity is not known, but K cells may be involved initially in the destruc- 
tion of the thyroid and therefore appear depleted in the periphery. This 
hypothesis is supported by the above-mentioned relatively high content 
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of IgG Fc receptor-positive cells in the infiltrated thyroid gland (Thunold 
et al., 1981). 
As a next experimental step, the responsiveness of PBLs and spleen 

cells of 0s and NWL control chickens against the T cell mitogens con- 
canavalin A (Con A) and phytohemagglutinin (PHA) was evaluated. 
The most dramatic and also most consistent results were obtained using 
an optimized method with Con A-coated CRBCs (Kroemer et al., 1984). 
0s chickens were found to exhibit significantly elevated mitogenic 
responses as compared to cells from NWL controls or CS chickens, the 
normal mother strain from which the 0s has originally been developed 
(Table IV) (Schauenstein et al., 1985). This difference was observed 
throughout ontogeny to 15 months of age. Interestingly, spleen cells from 
17- and 20-day 0s and NWL embryos did not show any response to 
Con A-coated CRBCs, but a marked spontaneous proliferation (i.e., 
without mitogens) of 0s spleen cells was noted in the late embryonic 
and early posthatching periods. This significantly increased spontaneous 
proliferation was not paralleled by an increase in total cell numbers in 
the spleen. 

From the data discussed so far, it was concluded that PBLs and spleen 
cells of 0s chickens were hyperreactive in a variety of test systems, 
including mitogen assays. In addition, development of the most severe 
SAT in neonatally thymectomized chicks pointed to the possibility of 
an increased helper-inducer/suppressor T cell ratio and/or activity as 
a possible reason for this generalized hyperreactivity of the B and T cell 
system in this strain. A possible explanation for the SAT-aggravating effect 
of neonatal thymectomy was an abnormal behavior of T cells, resulting 
in a precocious emigration of helper T cells to the periphery during 
ontogeny (Rose et al . ,  1976), and a concomitant relative accumulation 
of suppressor T cells in the thymus. Neonatal thymectomy would thus 
make an abnormally increased helper/suppressor T cell activity in the 
periphery even more prominent. Alternatively, there may be a functional 
defect of thymus-derived suppressor cells. 

To study this question, Boyd et al. (1989) performed cell mixture 
experiments in which the reactivity of suboptimal PBL concentrations 
(Boyd et al . ,  1985) from 0s or normal chickens was assessed in mitogen 
stimulation tests or DCC, ADCC, and SCC assays with or without added 
autologous thymocytes. Since PBLs always gave strong reactions in these 
assay systems, while thymocytes were only weakly reactive, any suppressive 
effect found in the mixtures could be attributed to an effect of the 
thymocyte population. These experiments clearly showed a lack of sup- 
pressor activity in suspensions of 0s thymuses, as compared to those 
of NWL controls. This suppressive effect was not only observed when 



TABLE IV 
PROLIFERATIVE RESPONSE OF 0s AND NWL LYMPHOCYTES TO Con A-COATED RBLsO 

lZ5I UdR uptake (cpm f SEM) 
Origin of 

Age cells Strain n with RBCs with MRC& Stimulation index 

Embryonic 
Day 17 

Day 20 

After hatching 
1 day 

8 days 

14 days 

21 days 

11 months 

15 months 

Spleen 

Spleen 

Spleen 

Spleen 

Spleen 

Peripheral 
blood 

Peripheral 
blood 

Peripheral 
blood 

NWL 
0s 
NWL 
0s 

NWL 
0s 
NWL 
0s 
NWL 
0s 
NWL 
0s 
NWL 
0s 
NWL 
0s 

5 
7 
5 
6 

10 
18 
7 

15 
11 
15 
9 
8 
6 
6 
6 
6 

5570 f 1431 
22,539 * 9567 

9758 f 3748 
23,901 f 615OC 

587 f 183 
4758 * 3544c 

664 f 189 
1705 f 227c 
1632 + 151 
2327 f 192c 

211 f 12 
367 f 38c 
291 * 4 
333 f 17 
115 f 10 
125 f 13 

3896 f 2401 
17,357 f 745lC 

5375 f 2136 
13,601 f 259lC 

660 f 148 
7105 * 475OC 
5393 f 1904 

19,766 f 5O2Oc 
9732 f 1364 

21,314 f 1704c 
6304 f 1502 

18,671 f 2048c 
5978 f 1899 

36,679 * 3056c 
12,089 f 2783 
39,784 f 5607c 

0.7 
0.8 
0.5 
0.6 

1.1 
1.5 
8.1 

11.6 
6.0 
9.2 

29.8 
50.8 
20.5 

110.5 
105.3 
318.3 

aFrom Schauenstein et al . ,  1985. 

CSignificantly (p < 0.01) different from respective value of NWL cells. 
MRC, Mitogen-coated red blood cell. 
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cell suspensions were mixed but also when the supernatant of thymus 
cells was added to the PBL indicator cells. 

0s spleen cells, thymus cells, and PBLs, furthermore, exhibit a 
numeric defect in strongly peanut agglutination-positive cells that are 
able to selectively suppress T cell responses (Schauenstein et al . ,  1983). 

The hyperreactivity of peripheral 0 s  lymphoid cells is, however, not 
only due to a deficiency in suppressor activity, but also to an intrinsically 
increased production of IL-2 (Fig. 4) (Schauenstein et al., 1985). In addi- 
tion, the elevated response of 0s T lymphocytes was manifested by 
an increased expression of IL-2 receptors, because Con A-stimulated lym- 
phocytes of 0s birds were significantly more effective than were those 
from normal controls in absorbing IL-2 activity from conditioned media 
of stimulated spleen cells. These functional data were later substantiated 
by fluorescence-activated cell sorter analyses, using a murine monoclonal 
antibody against the chicken IL-2 receptor (Schauenstein et al., 1987b). 

Coculture experiments showed that 0s and NWL splenocytes contain 
the same percentage of Con A-activatable T lymphocytes, i.e., cells 
which are able to express IL-2 receptors and thus acquire their ability to 
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FIG. 4. IL-2 activity of different concentrations of conditioned medium (CM) of 
PBLs from 11-month-old 0s ( A )  and NWL ( 0 )  chickens cultured and harvested after 
24-hour incubation. IL-2 activity was assayed in a proliferation assay with purified Con A 
blasts, as described by Kroemer et al. (1984). (Adapted from Schauenstein et al.,  1985, 
with permission.) 
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proliferate with IL-2 (Kroemer et al . ,  1987; Schauenstein et al., 1987a). 
Approximately 25% of splenocytes from both strains express the IL-2 
receptor recognized by a Mab after short-term (4- to 8-hour) Con A 
stimulation. Finally, enumeration of cells in the S phase showed that 
the enhanced proliferation of 0s T lymphocytes was restricted not only 
to the in vitro response to Con A and PHA but was also a phenomenon 
that occurs in mvo (Kroemer et al. ,  1988a). 

The various aspects of humoral and cellular hyperreactivity will again 
be mentioned in Section VII in the context of the discussion of altered 
immunoregulation in the 0s. 

In recent years we focused our interest on the thymus in a different 
area, viz. addressing the question of where the process of self-recognition 
may take place. In this respect our interest was caught by an unusual 
population of cellular complexes, the thymic nurse cells (TNCs). TNCs 
are large epithelial cells that contain numerous (e.g., in the mouse, up 
to 100-200) completely intact T cells engulfed in plasma membrane- 
lined vacuoles. In this specialized microenvironment, developing T cells 
come into close contact with MHC class I and class I1 antigens of the 
epithelial cells. TNCs were first described in the thymuses of mice and 
humans (Wekerle and Ketelsen, 1980; Wekerle et al., 1980), and we have 
shown that TNCs- as expected - also exist in chickens, but generally 
contain only about four T cells (Boyd et al., 1984). A comparative 
chronological study revealed a profound deficiency of these cells in 0s 
as compared to NWL chickens: 0s thymuses contained only about half 
the number of TNCs found in NWL thymuses, and 0s TNCs contained 
only about half as many intra-TNC lymphocytes (TNC-Ls). In addi- 
tion, TNCs became potentially more important with respect to the 
development of spontaneous AID in the 0s by the results of subsequent 
functional studies of TNC-Ls (Wick and Oberhuber, 1986). In short, 
TNC-Ls from immunocompetent young normal inbred chickens elicited 
a graft-versus-host (GVH) reaction in allogeneic recipient embryos and 
even led to a GVH-like reaction in syngeneic recipients, thus pointing 
to the possibility that TNCs are a “school” for allo- and autoreactive 
T lymphocytes. Recent, still unpublished studies were aimed at study- 
ing the TNC-L phenotype and functional characteristics of normal 
chickens in more detail (Pennington et al., 1989). We showed that TNCs are 
a site for T cell differentiation and most probably for positive selection 
for MHC class I and class I1 restriction. Studies to verify a putative role 
of these TEC-lymphocyte complexes in the hyperreactivity of 0s chickens 
in general, and their autoreactivity in particular, are now under way. 

In summary, 0s chickens-display a significant hyperreactivity of the 
B and T cell-dependent portions of the immune system against exogenous 
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and autologous antigens as well as an increased response to T cell 
mitogens. The autoimmune responses are not limited to thyroid antigens, 
and AAbs against a variety of nonthyroid autoantigens have also been 
observed. The generalized hyperreactivity of the immune system in this 
strain seems to be based on a disturbed balance between helper and 
suppressor T cell activity as manifested, e.g., by a decreased suppressive 
activity of 0s thymocytes on the mitogen response of autologous PBLs 
as compared to NWL controls, and an increased production of IL-2 
by 0s spleen cells and PBLs. A possible role of a deficiency of TNCs 
for the heightened reactivity against exogenous and autologous antigens 
is still under investigation. 

V. Altered Thyroid Function-Target Organ Defect 

The clinical symptoms of hypothyroidism were the first that Cole 
observed in some female birds of a closed flock of the CS in the late 
1950s that then served as a nucleus for the subsequent development of 
the 0s by selective breeding (Cole et al, 1970). As mentioned above and 
detailed in Section VII,B,3, sex hormones may modulate the onset and 
final outcome of the disease, but are not essential for the development 
of SAT. Nevertheless, the 0s is a very convenient test model for assess- 
ment of the therapeutic potency of various androgen analogs which retained 
their immunosuppressive properties without the unwanted concomitant 
endocrinological side effects (Wick et al. ,  1989). The clinical symptoms 
of hypothyroidism described in Section III,A, such as small body size, 
lipemic serum, and low fertility are the same as those observed in 
propylthiouracil-treated normal chickens and can be prevented or 
reversed by appropriate hormonal (e.g., T3, T4, iodinated casein) 
substitution, Newcomer (1973) showed that lSII thyroid incorporation 
and lSII serum clearance by the thyroid were inversely correlated with 
the severity of lymphocytic infiltration of the thyroid glands. In addi- 
tion to the hypothyroidism-inducing effect of the severe lymphoid infiltra- 
tion, AAbs against T3 and T4 are also contributing to this functional 
defect (Nilsson et al., 1971; Brown et al., 1985). 

When the thyroid function of 0s chicks was evaluated before the onset 
of SAT in 0s embryos and newly hatched chicks, Sundick and Wick 
(1974) made the surprising observation that 0s chicks injected with lS1I 
had a 20-hour uptake that was about double the value for CS controls 
and also significantly higher than in outbred NWL chicks. This finding 
was puzzling for several reasons, especially because the increased uptake 
and organification of iodine into Tg did not result in increased serum 
levels of T3 and T4 (Sundick et al., 1980). It was thus hypothesized that 
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the elevated lSII uptake by 0s thyroid glands was an intrinsic property 
of the thyroid gland itself and was not due to elevated secretion of pitu- 
itary thyroid-stimulating hormone (TSH). This was the first indication 
of the possible existence of a primary alteration of the target organ for 
SAT, in addition to the already well-described abnormal function of the 
0s immune system. In further studies 0s and normal thyroid glands 
from 16-day embryos were then transplanted onto the chorioallantoic 
membranes of 9-day normal chick embryos, and 6 days later the 20-hour 
lSII uptake of the transplants was determined. The results confirmed our 
hypothesis, because 0s embryonic thyroids exhibited a significantly higher 
uptake of lSII compared to the controls, although both transplants were, 
of course, under the influence of the same pituitary gland, and thus TSH 
stimulation by the recipient embryo (Sundick and Wick, 1976). 

Earlier, albeit preliminary (Van Tienhoven and Cole, 1962) com- 
parisons of the gonadotropic and thyrotropic potency of pituitary extracts 
from 0s versus normal egg-laying hens have already suggested that the 
deficiency of thyroxine is not due to a lack of TSH. Later, Sundick et al. 
(1979) asked the question of whether 0s thyroid glands also function 
in the absence of pituitary TSH, i.e., similar to the autonomous thyroid 
function in some patients with goiter (Peter et al., 1985). For this purpose, 
0s and normal chickens were fed a high dose of T4 for 2-3 weeks, start- 
ing on the day of hatching, in order to suppress the pituitary secretion 
of TSH. To eliminate interference by circulating Tg-AAbs and AAbs 
against T3 and T4 as well as mononuclear cell infiltration of the thyroid 
gland, some of the 0s and control chickens were, in addition, 
immunosuppressed at the time of hatching. T4 serum levels were tested 
by radioimmunoassay and were found to be very high in all strains, as 
expected. All chicks were then injected with lSII and were again tested 
for the 20-hour thyroid isotope uptake. 0s thyroid glands, especially 
those in which the development of SAT had been prevented by 
immunosuppression, showed a significant degree of autonomous func- 
tion, supporting our hypothesis. Surprisingly, the greatest autonomy was 
found in thyroids of CS chickens, which are known to develop neither 
SAT nor Tg-AAbs. It was thus hypothesized that the autonomous func- 
tion of the thyroid gland may be one of the risk factors leading to SAT 
development, but only in concert with an appropriate immune system 
abnormality. Thus, the 0s chicken and chickens of its progenitor CS 
strain have an intrinsic abnormality of thyroid function, reflected by 
significantly higher uptake of iodine and increased iodotyrosine coupling 
in the presence of serum T4 levels which are sufficient to suppress these 
functions in control chickens. This poor suppressibility thus does not 
seem to be due to persistent pituitary TSH secretion, because 0 s  and 
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CS chickens show normal serum and thyroidal T3 and T4 levels on 
regular feed (Sundick et al., 1979). 

One possibility for this very high thyroid function in T4-suppressed 
0s and CS chickens might have been the presence of thyroid-stimulating 
immunoglobulins. To test for this, newly hatched chicks were first 
immunosuppressed with cyclophosphamide (2 mg/day for the first 4 days) 
to eliminate antibody responses (Sundick et al., 1980) and then fed T4 
and analyzed 2 weeks later for 20-hour thyroidal lSII uptake. 0s and 
CS thyroids again incorporated significantly more lSII than did normal 
controls. Hence, cyclophosphamide treatment had no suppressive effect 
on thyroid function but even resulted in doubling of the 
TSH-independent uptake of lSII, thus proving that the previously 
described autonomy in CS chickens was not due to thyroid-stimulating 
immunoglobulins. 

Another possibility was that 0s and CS pituitary glands did not 
appropriately respond to the feedback control by high levels of T4. To 
examine this, 0s (or CS) and NWL thyroid glands were simultaneously 
transplanted into the wing webs of newly hatched (0s X NWL)F1 
recipients (Livezey and Sundick, 1980). These recipients were maintained 
on a T4-supplemented diet. At 4 weeks of age the recipients were injected 
with lSII and the transplanted thyroids were harvested 20 hours later 
for the assessment of isotope uptake. The results indicated that 0s and 
CS thyroid lobes again had a significantly greater lSII uptake than did 
normal thyroids when exposed to an environment with very low TSH. 
When the same experiments were repeated with recipients kept on normal 
feed (i.e., no T4 supplementation), the differences between the OS, CS, 
and normal thyroids became even more significant. 

In conclusion, 0s and CS thyroid glands show a significantly increased 
thyroid function under T4 suppression as compared to normal chickens. 
This hyperfunction is either completely autonomous, i.e., independent 
of TSH, or due to a hyperresponsiveness to very low TSH levels. 

Further support for an abnormality of the thyroid gland came from 
experiments by Truden et al. (1983), who examined another functional 
parameter, viz. the capacity of TEC cultures to proliferate in vitro. These 
authors demonstrated that thyroid epithelial cells derived from 0s 
embryos incorporated significantly less ISH] thymidine and showed 
significantly slower doubling times than did CS cells (26 versus 18 hours). 
In addition, it was found that 0s thyroid epithelial cells were not able 
to condition their own culture medium: Supplementation of conditioned 
media from CS thyroid cultures restored the normal growth and DNA 
synthesis of 0s cells. So far, the cause for this reduced proliferation of 
0s TECs has not been further studied, but several possibilities have been 
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discussed, such as the influence of an endogenous or exogenous virus, 
genetically programmed defects of the TECs, and an altered respon- 
siveness to TSH. 

The concerted data substantiated the hypothesis that an intrinsic 
thyroid abnormality exists in the 0s chicken that may be a prerequisite 
for the development of SAT. Genetic analyses of this hypothetical target 
organ defect are discussed in detail in Section VIII. A series of further 
experiments in various laboratories was, therefore, aimed to further 
elucidate the puzzle of the nature of such a thyroid defect, in addition 
to those features described above (i.e., increased lS1I uptake, 
autonomous function not suppressible by high doses of T4, and decreased 
growth rate of 0s thyroid cells in vitro with insufficient release of growth- 
promoting autocrine factors). 

Other possibilities for potential disease-promoting thyroid abnor- 
malities include an abnormal composition and thus immunogenicity of 
0s Tg, a primary aberrant expression of MHC class I1 antigens by TECs, 
and the role of viruses. 

The pivotal role of Tg as an autoantigen in SAT was discussed in Section 
IV,A. Sanker et al. (1983) showed that tolerization of 0s chickens with 
Tg at the time of hatching entailed a significant prevention of SAT develop- 
ment and Tg-AAb production, thus elegantly proving that immunoreac- 
tivity against this antigen is not just a secondary phenomenon not related 
to the disease process. In a very crucial set of experiments with possible 
importance for the human situation, Bagchi et al. (1985) suggested that 
an excess of dietary iodine may promote the development of autoimmune 
thyroiditis. In their experiments diet supplementation with iodine led 
to a dose-dependent, significant increase in the numbers of CS chickens, 
the clinically normal 0s progenitor strain, with thyroiditis, Tg-AAbs, 
and AAbs against T3 and T4. An important control in these experi- 
ments was the demonstration that this dietary regimen had no in- 
fluence on the capacity of CS chickens to produce antibodies against 
an exogenous antigen, i.e., SRBCs. These results were interpreted as 
providing direct experimental evidence that the excessive consumption 
of iodine in some parts of the world, including the United States, may 
be responsible for the increased incidence of autoimmune thyroiditis 
in these regions. 

In subsequent studies Sundick et al. (1987) investigated the hypothesis 
that highly iodinated Tg might be significantly more immunogenic than 
is Tg containing fewer iodine atoms. To this end, Tg with high (HI-Tg) 
or low iodine (LI-Tg) content was purified from CS chickens fed a high- 
or low-iodine diet and injected intravenously into normal chickens 
without adjuvants. Animals immunized with HI-Tg produced a much 
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higher titer of Tg antibodies, which also reacted better with HI-Tg than 
with LI-Tg, thus supporting this hypothesis. 

The next question was, of course, whether the degree of iodination 
of Tg in 0s thyroids could be identified as a possible factor for the induc- 
tion of SAT. In marked contrast with the iodine-induced Tg antibodies 
in NWL, the Tg-AAbs in the sera of 0s chickens were found to be 
independent of dietary iodine intake. 

This conclusion had already been reached by Pontes de Carvalho et al. 
(1982), who showed that Tg-AAbs from 0s chickens react equally well 
with Tg derived from 0s and NWL donors. Further support for a normal 
composition of 0s Tg came from detailed biochemical analyses that 
showed no difference in iodine and sugar content between 0s and NWL 
Tg, with the exception of a higher value for fucose in NWL Tg (Table V). 
Murine Mabs against chicken Tg or against evolutionary conserved hor- 
mogenic sites of mammalian and avian Tg have also not revealed any 
difference between 0s and NWL Tg. The only difference that was found 
in preliminary studies was a change in the sedimentation pattern upon 
ultracentrifugation over sucrose gradients (Wick et al., 1986). We 
observed a higher degree of heterogeneity of 0s Tg manifested in a 
significantly increased 7 S peak in addition to the classical 19 S peak 
for normal Tg. These Tg preparations were derived from pooled thyroid 
glands of 1-day-old chicks, i.e., before overt lymphoid infiltration in the 
0s. The results were interpreted as a possibly higher susceptibility of 
0s Tg to disintegrate into the smaller 7 S subunits or even a defect in 
Tg synthesis. 

TABLE V 
CARBOHYDRATE CONTENT OF DIFFERENT Tg PREPARATIONS~ 

Chicken Tg (3 weeks)b 
Carbohydrate 
(pmo1/100 mg) HumanTg NWL 0s 

Fucose 2.2 15.0 2.4 
Mannose 11.6 18.1 20.5 
Galactose 6.6 6.1 9.5 

N-Acetvlsialic acid 4.2 6.7 6.2 
N -  Acetylglucosamine 13.6 9.0 11.1 

aTg was prepared by column chromatography of thyroid saline 
extracts on Sepharose 5300 (Shulman et al . ,  1967). For the deter- 
mination of sugars, the procedure of Chambers and Clamp (1971), 
with some modification, was followed. R. Fischer-Colbrie, Depart- 
ment of Pharmacology, University of Innsbruck, Austria, kindly 
performed gas chromatographic carbohydrate determinations. 
0s chickens were hormonally (testosterone) bursectomized in 

ovo to prevent early SAT development. 
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More recently, we have reinvestigated this phenomenon, keeping in 
mind, that due to the constant rigid selective breeding procedure, a few 
scattered foci of mononuclear cells can already occasionally be found 
in the thyroids of 0 s  chickens during the first week after hatching. In 
this case proteolytic enzymes may have been released by the infiltrating 
cells, which then may have cleaved the Tg molecule into smaller subunits 
either in vivo or during the in vitro purification process. We are cur- 
rently probing this possibility by comparing 0 s  and NWL Tg derived 
from chicks that had been hormonally bursectomized in ovo by treating 
3-day embryos with testosterone, a procedure that has been shown to 
prevent or delay the development of SAT (Cole et al . ,  1970). 

A further possibility for a thyroid-related event that may trigger SAT 
development would be a primary “aberrant” expression of MHC class I1 
antigens by TECs. Such an expression of MHC class I1 antigens has been 
described on TECs of human patients with Graves’ disease by Bottazzo 
et al. (1983) and Hanafusa et al. (1983) and in Hashimoto thyroiditis 
by these and other authors (Aichinger et al. ,  1985; Weetman et al. ,  
1985). However, with respect to the possible functional role of this expres- 
sion, there is still considerable controversy: Some groups postulate that 
MHC class I1 antigens occur before lymphoid infiltration and that TECs 
may therefore act as antigen-presenting cells in the initial phase of 
autoimmune thyroiditis, while others - including ourselves - consider this 
a secondary phenomenon that does not trigger the disease but may con- 
tribute to its perpetuation. The 0 s  chicken model is an optimal subject 
for the study of this question, because SAT development can be followed 
chronologically from the incipient to the most severe stages. We first 
investigated this question on frozen, unfixed sections of thyroid glands 
from 0 s  and normal chickens and showed that MHC class I1 antigens 
(B-L in the chicken) are only expressed in the neighborhood of infiltrating 
T cells and not before infiltration or in uninfiltrated areas (Wick et al . ,  
1984). It was concluded, in analogy to the human disease, that 
y-interferon produced by the first T cells that arrive in the thyroid gland 
induces this aberrant B-L expression. Unfortunately, at that time Mabs 
against chicken T cell subsets were not yet available and the helper- 
inducer nature of these first cells coming into close contact with the 
thyroid epithelium therefore could not yet be identified, in contrast to 
the findings in human tissues (Aichinger et al., 1985). 

To further study the possible effect of y-interferon on the expression 
of MHC class I1 antigens on 0 s  TECs, the following experiments were 
performed (Wick et al., 1987): Epithelial cells were prepared from 0 s  
and NWL thyroids from chickens less than 2 weeks of age and cultured 
in vitro in a medium supplemented with TSH but without IL-2. Using 
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this procedure, the TECs could be propagated, but any residual lym- 
phocytes (from beginning infiltration or blood contamination) did not 
survive. After 3 days of culture aliquots of TECs were removed and tested 
for the expression of B-L in indirect immunofluorescence, using a 
monoclonal antibody against a nonpolymorphic epitope of the chicken 
MHC class I1 framework determinants. 

As shown in Table VI, unstimulated 0s and NWL TECs were negative 
for Ia-like determinants. However, following stimulation with chicken 
interferon for 48-72 hours, 0s TECs expressed B-L in a higher per- 
centage and considerably earlier than control cells, thus pointing to a 
lower threshold of the former to the induction of MHC class I1 expres- 
sion by y-interferon. Similar experiments performed with adrenal and 
kidney cell suspensions showed that this phenomenon is thyroid specific. 
If small amounts of B-L antigens, which are not detectable by conven- 
tional immunohistochemical methods, are synthesized by TECs must 
still be clarified by more sensitive methods, such as in situ hybridiza- 
tion with appropriate cDNA probes that are now available for different 
chains of the chicken Ia-like molecules. 

Finally, a virus infection may be responsible for the increased suscep- 
tibility of the thyroid gland to the autoimmune attack. Bacterial and 
viral infections have been proposed, and even sometimes proven, as possi- 
ble causes for the development of AIDS. Their effect could be exerted 
via polyclonal activation, circumventing the requirement of T cell help 
(Esquivel et al., 1977), antigenic mimicry (Notkins and Prabhakar, 1986), 
and “altered self’ (Weigle, 1978; Rose et al., 1988), an alteration of the 
immune system itself. The development of autoimmune thyroiditis as 
a sequel of infections has been exemplified in rabbits after immuniza- 
tion with a group A streptococcal vaccine (Tonooka et al., 1978) and 
in chickens infected with the bus-associated virus type 7 (RAV-7) (Carter 
et al., 1983). This latter observation is of special interest in the present 
context because RAV-7-infected chickens showed histopathological 
hallmarks of thyroiditis that exactly paralleled those found in the OS, 
e.g., a large number of well-developed germinal centers. In addition 
to Tg-AAbs, the sera of these birds also contained AAbs against non- 
thyroid antigens and showed a certain degree of lesions in such organs 
as the pancreas. In the OS, data on a possible virus involvement in the 
development of SAT are still limited. Early in the history of the strain 
Zeigel et al. (1970) published serological and electron-microscopic data 
arguing against a viral factor involvement in the pathogenesis. Later, 
in a more detailed electron-microscopic study, C-type particles were found 
in TECs of 0s but not NWL chickens (Wick and Graf, 1972). In recent 
years our interest has focused on the possible role of endogenous viruses 



TABLE VI 
LOWERED THRFSHOLD OF 0 s  TECs FOR 7-INTERFERON-INDUCED B-L  EXPRESSION^ 

B-L+ cells (%) 

No. of 72 hours without IFN 48 hours + IFN 72 hours + IFN 

Strain animals TECs Adr. Kid. TECs Adr. Kid. TECs Adr. Kid. 

CB 5 -10 Neg. Neg. Neg. 4 2 1 10 5 8 
0 s  5-10 Neg. Neg. Neg. 24 6 4 30 6 7 

uData were compiled from Wick et al. (1987) and from two additional experiments. Age of donors was 7-10 
days. Preculture of thyroid epithelial cells (TECs) for 3 days in Dulbecco’s modified essential medium containing 
2 IU/ml of TSH [also for adrenal (Adr.) and kidney (Kid.) cells], 10% fetal calf serum, and 50 pglml of gentamicin 
(Schering Corp., Berlin, FRG) without y-interferon (IFN), followed by 3 days 10 IU/ml of chicken y-IFN. 
Neg., Negative results. 
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(evs) as possible factors contributing to the emergence of AIDS in general 
and SAT in particular. The chicken is particularly well suited for such 
studies because evs have first been described in this species and 21 ev 
loci have been identified in various chicken strains in the past (Smith 
et al., 1986). As a matter of fact, all domestic chickens harbor endogenous 
retroviral genes related to the avian leukosis complex of viruses (Rovigatti 
and Astrin, 1983; Coffin, 1982; Hayward and Neel, 1981; Robinson, 
1978). These ev genes can remain inactive or they may be expressed as 
viral proteins or particles. The expression of these genes can influence 
the outcome of exogenous avian leukosis virus infections, but so far no 
beneficial role of evs has been demonstrated that may confer a selective 
advantage to those birds that possess certain evs. However, integrated 
evs can act as insertional mutagens by means of their long terminal 
repeats (LTRs) and thus influence the expression of host genes via cis 
or trans mechanisms (Nusse, 1986; Grindley et al . ,  1987). 

In view of a potential role of such ev loci for SAT pathogenesis, careful 
study of 0 s  ev patterns was therefore deemed of interest. For this purpose, 
DNA from various chicken strains, including the OS, was isolated from 
the nucleated erythrocytes using standard techniques, digested with 
restriction endonucleases, and analyzed by Southern blotting using a 
nick-translated, cloned Rous sarcoma virus (pSRA-2) DNA as a probe. 
Different restriction enzymes give characteristic ev patterns with this 
approach. Thus, Sac1 cleaves near the 5 ’ LTR of evs, supplying a unique 
virus cell function fragment for each ev, corresponding to their random 
integration in the host genome. DNA from birds of inbred strains with 
previously characterized ev patterns was used for the identification of 
new evs. 

A representative ev Southern blot pattern is shown in Fig. 5 .  The birds 
investigated in this experiment included 0 s  chickens homozygous for 
the B13, B15, or B5 MHC haplotypes, B13 CS chickens, and several well- 
characterized inbred strains with different other B haplotypes. It can 
be seen in the figure that chickens of each strain afforded a characteristic 
banding pattern, and these bands could be identified with the help of 
the control DNA preparations. However, there was one band migrating 
slightly faster than ev 2 that was only found in the 0 s  but never in any 
other strain. This band has in the meantime been identified as a new 
ev locus tentatively called ev 22 (Ziemiecki et al., 1988). Recent genetic 
analyses described below have shown that ev 22 is not linked to the MHC 
and that the presence of ev 22 is also not an essential factor for the 
development of SAT, but may have a modulating role in connection with 
a disturbed immune endocrine feedback loop in this strain, which 
possibly contributes to the general hyperreactivity of the immune system 
(Kroemer et a l . ,  1988b). 
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FIG. 5. Endogenous virus (eu) pattern in different strains of chickens. DNA was 
isolated from chicken erythrocyte nuclei, digested with restriction endonuclease SucI, 
size separated on a 0.8% agarose gel, and transferred to Genescreen plus. The filter 
was hybridized with seP nick-labeled pSRA-2, washed, and exposed to Kodak XAR-5 
film with intensifying screen. DNA containing known eu loci were kindly provided by 
Barbara Baker, Eugene J. Smith, Eric H. Humphries, and Stephan H. Hughes. eu 1, 
2,  and 3 are indicated at the right of the figure. The numbers and letters above indicate 
codes of different chickens and the respective strain of inbred NWL (CB, CB.I-B7, CC), 
the CS and 0s sublines (0s B5, 0 s  B13, 0 s  BI5).  X,  restriction fragment migrating 
slightly faster than the eu 2 reference band and referred to as eu 22. (From Ziemiecki 
et a l . ,  1988, with permission.) 

VI. Potential Effector Mechanisms 

A. RELATIVE ROLE OF THE B AND T CELL LINEAGES FOR SAT 

The first studies concerning the effector mechanisms operative in SAT 
were designed to elucidate the relative contribution of the humoral and 
cellular mechanisms. As mentioned in Section IV, B, surgical bursectomy 
either in ovo on day 18 of incubation or posthatching resulted in a decrease 
in the frequency and the severity of SAT (Wick et al., 1970a). Similarly, 
hormonal bumctomy by application of androgen into 0s embryos on the 
third or twelfth day of incubation prevented the development of SAT 
until at least 3 months of age (Cole et al., 1968), and chemical bursec- 
tomy by neonatal cyclophosphamide treatment postponed the begin- 
ning of infiltration for several weeks (Kroemer et al., 1985a). In contrast, 
neonatal thymectomy of 0 s  chicks not only failed to ameliorate SAT 
but actually resulted in more severe thyroid infiltration (Wick et al. ,  
1970b), possibly due to the removal of suppressive T cells. For this reason, 
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in the 1970s SAT was classified as predominantly B cell-dependent as 
opposed to T-cell dependent autoimmunity, e.g., EAT (Jankovic et al., 
1965; Wick et a l . ,  1974), and the contribution of T cells to SAT was 
thought to be negligible. 

However, Pontes de Carvalho et al. (1981) had shown that thyroiditis 
and the formation of Tg-AAbs were prevented when neonatal thymec- 
tomy was combined with the injection of a specific turkey anti-chicken 
T cell serum to completely deplete peripheral T lymphocytes (Table VII). 
These experiments were the first indication that T cells might also 
promote SAT or regulate its appearance, but they did not provide direct 
evidence that T cells were effector cells. The absence of AAbs against 
the thymus-dependent antigen Tg could be explained by a lack of T cell 
help, but the absence of thyroid infiltration by mononuclear cells could 
have been due to the absence of either T effector cells or Tg-AAbs capable 
of mediating ADCC. 

Later, when Mabs against various lymphocyte subpopulations of the 
chicken became available, analysis of the thyroid-infiltrating lymphocytes 
(TILs) in the 0s revealed them to be made up of a majority of mature 
T cells and a minority of B cells (Kroemer et al . ,  1985a). Moreover, 

TABLE VII 
EFFECT OF THYMECTOMY AND HIGH-DOSE TURKEY ANTI-CHICKEN T-CELL SERUM 

ON THE DEVELOPMENT OF SPONTANEOUS THYROID AUTOIMMUNITY* 

Thyroid infiltration Tg-AAb 

Degree Titer 
Group Treatmentb IncidenceC (mean * SD) Incidenced (mean f SD)e 

I None 12/15 1.1 f 1.0 7/16 1.1 f 1.8 
I1 NS 5/5 1.4 f 0.5 3/5 1.0 f 1.0 
111 ATS 4/4 1.3 f 0.5 2/5 0.8 f 1.3 
IV Tx 8/8 1.4 f 0.7 4/8 1.1 f 1.4 
V Tx + NS 6/8 1.0 f 0.8 5/8 1.0 f 0.9 
VI Tx + ATS 1/8 0.1 f 0.4 0/7 0 

nData are from Pontes de Carvalho et al. (1981). 
bThymectomies (Tx) were performed during the first 24 hours after hatching. A total 

volume of 3 ml anti-chicken T-cell serum (ATS) or normal turkey serum (NS) was given 
to each chicken intraperitoneally: 0.5 ml on days 2, 4, 10, and 14 and 1.0 ml on day 
6 after hatching. The experiment was terminated on day 21. 

CNumber of animals with thyroiditis per total number in the group. 
dNumber of animals with Tg-AAbs (passive hemagglutination) per total number in 

eMean log2 (hemagglutination titer) f SD. 
the group. 
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isolated TILs exhibited high proliferative responses to the T cell-specific 
mitogens PHA and Con A. Neonatal cyclophosphamide treatment of 
0s B13 chicks entailed a complete disappearance of the B cells and 
plasma cells within the TILs and selectively abrogated their response 
to the B cell-specific mitogen LPS. Such B lymphocyte-depleted TILs 
were, nevertheless, capable of transferring autoimmune thyroiditis when 
injected into MHC-compatible CS recipients (Table VIII). Through this 
procedure non-antibody-mediated transfer of the disease was demon- 
strated for the first time, as the CS recipients developed severe thyroid 
infiltration but showed no circulating Tg-AAbs (Kroemer et al., 1985a). 
These data pointed to the predominance of T effector cell mechanisms 
over humoral factors for the initiation of SAT. This view was corroborated 
by recent morphological studies in which T lymphoblasts were shown 
to be the very first cells invading the thyroid gland in the 0s (Haila et al., 
1986). In fully blown disease about 20% of the TILs express neither 
surface Ig nor a marker specific for mature T cells, CH1 (Kroemer et al., 
1985a), and could be identified as macrophages (often in peripolesis), 
granulocytes, or non-B, non-T lymphocytes. Since destruction of the 
macrophage system of the 0s by repeated injection of silica particles 
during the early posthatching period did not affect SAT (G. Kroemer 

TABLE VIII 
ADOPTIVE TRANSFER OF THYROIDITIS AND Tg-AAb PRODUCTION IN CS CHICKENS" 

No. of CS Thyroid infiltration Log2 anti-Tg titer 
Cells injected recipients (mean f SEM; %) (mean f SEM; %) 

0.5 TILs 18 81 f 15b 4.5 f 1.0b 
0s TILs from CP- 

treated recipientsC 4 71 f 6b O f 0  
0s PBLs 4 20 f 5 O f 0  
0.5 splenocytes 18 26 f 5 0.3 f 0.3 
0.5 thymocytes 7 26 * 10 O f 0  
CS splenocytes or 

no cells 27 15 f 7 O f 0  

"Thyroid-infiltrating lymphocytes (TILs) derived from untreated or chemically 
bursectomized [cyclophosphamide (CP)] 0s B13B13 birds or control cell suspensions 
(2- to 5-week-old donors) were injected intravenously into 2- to '/-day-old, 750 rad- 
irradiated Cornell strain (CS) chicks (3.5-5 X lo7 cells per recipient). The percentage 
of infiltrated thyroid area and the TgAAb passive hemagglutination titers were deter- 
mined after 2-3 weeks. (Data are from Kroemer et al . ,  1985a.) 

bSignificantly different from control data (p < 0.01; Student's t test). 
CTILs from CP-treated 0s animals contained less than 0.3% B cells and no detect- 

able plasma cells. 
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and G. Wick, unpublished observations), the relative contribution of 
macrophages to the initial phases of thyroid destruction appears to be 
of secondary importance. 

Further transfer experiments revealed the abnormalities in T cell 
lineage of the 0s rather than in the B cell system. Injection of 0s but 
not CS thymocytes induced thyroidits in thymectomized CS recipients 
(Livezey et al., 1981), whereas CS and 0s bursa cells were equally effective 
in restoring Tg-AAb production and thyroiditis in bursectomized 
0s chicks. 

An unexpected result, intriguing at first sight, was the finding that 
treatment of 0s embryos with intra-yolk sac injections of cyclosporine A 
(CsA) resulted in significantly more severe SAT and significantly higher 
frequency and titers of Tg-AAbs in these chickens 3 weeks after hatching, 
as compared to sham-treated 0s controls (Wick et a l . ,  1982b). These 
results were perhaps the first indication that CsA may also affect suppressor 
T cells. In the meantime, similar observations were made in adjuvant 
arthritis (Kaibara et al., 1983) and in diabetic rats (Iwakiri et al., 1987), 
thus pointing to possible hazards of CsA as therapy for certain AIDS. 
As a matter of fact, Jenkins et al. (1988) have recently suggested that 
CsA may interfere with the deletion of cells bearing self-reactive 
a/@ T cell receptors in the thymus. 

B. B CELLS AND AABs 

As mentioned above, Tg-AAbs are characteristic features of SAT present 
in most 0s chickens older than 3 weeks and showing a significant rela- 
tionship with the severity of the disease. Furthermore, the particular 
pathogenetic relevance of Tg-AAbs is suggested by the fact that neonatal 
tolerization with Tg prevents the development of SAT (Sanker 
et al.,  1983). 

In vivo transfer of high-titer 0s serum to recipients without the 
putative “thyroid defect” of the 0s chicken has consistently failed to 
induce thyroiditis. This was found regardless of the application scheme 
employed, with cross-circulation in OS/NWL parabionts (Sundick et al., 
1973), or injection of Tg-AAbs containing 0s sera into NWL embryos 
(Rose et al., 1971) or into neonatally thymectomized (suppressor T cell- 
depleted) NWL chicks, although the 0s antibody caused immune 
complex formation in recipient thyroids (Sundick and Wick, 1974). In 
contrast, 0s sera induced thyroiditis when injected into newly hatched 
NWL recipients, in which one of the thyroid lobes had been surgically 
damaged by incision at hatching (Pontes de Carvalho, quoted by Wick 
et al., 1982a). Moreover, high-titer 0s sera were able to induce severe 
thyroiditis in individuals of a low-responder 0s family (Jaroszewski et al., 
1978) and also lead to severe disease in a significant percentage of 
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(0s X CB)FI X 0 s  backcrosses (Neu et al., 1985), thus providing con- 
clusive evidence for a role of Tg-AAbs as an effector mechanism. 

Immunofluorescence analysis using the double-wavelength technique 
with fluorescein isothiocyanate (F1TC)-labeled anti-chicken Ig and 
tetramethylrhodamin isothiocyanate (TR1TC)-conjugated Tg localized 
Tg-AAb-producing cells exclusively in the thyroid (Kofler and Wick, 1978) 
but not in the bursa or the peripheral lymphoid organs. Accordingly, 
isolated TILs were much more effective in inducing Tg-AAb produciton 
in an in vivo transfer system as compared to PBLs or splenocytes from 
the same donors (Kroemer et al., 1985a; see also Table VIII). Within 
the infiltrated thyroid, Tg-AAbs are formed both in germinal centers 
and in plasma cells and B lymphocytes scattered in interstitium or even 
in peripolesis. Moreover, Tg-AAbs can be transferred from the mother 
0s hen via the egg yolk into the embryo and the newly hatched chick 
(Kofler et al. ,  1983). 

As to the mechanism by which Tg-AAbs may damage the thyroid, 
evidence for direct, complement mediated cytotoxicity is available. 
However, ADCC has also been demonstrated by using an in vilro 51Cr- 
release microtoxicity assay, in which CRBCs first coated with purified 
chicken Tg and then presensitized with Tg-AAbs were exposed to PBLs 
(Boyd and Wick, 1980). No functional data concerning antimicrosomal 
AAbs are so far available for the 0s chicken. 

C. T CELLS 

Immunohistochemical analysis has demonstrated that the majority 
of TILs are T cells (Kroemer et al., 1985a), particularly among the cells 
in close apposition to TECs (Thunold et al., 1981). Moreover, a high 
proportion of these T cells are activated, MHC class I1 antigen- and 
IL-2 receptor-positive lymphoblasts. As discussed for AAb-secreting 
B cells, autoreactive T effector cells are also concentrated within TILs 
as revealed by comparison to thymic, splenic, and blood lymphocytes 
in an adoptive transfer system (Kroemer et al., 1985a). 

Cytotoxic T lymphocytes capable of lysing Tg-coated CRBCs via DCC 
were detected in the circulation of 0 s  chickens, even in very young 
animals, but not in normal controls. The notion that DCC might repre- 
sent a probable effector mechanism in SAT is supported by its quan- 
titative correlation with the responder state of different 0s sublines (Wick 
et al., 1982a). 

VII. Disturbed lmmunoregulation 

During the past few years evidence has accumulated for disturbed 
immunoregulation in the 0 s  at two levels: (1) abnormalities intrinsic 
to the immune system and (2) endocrinological disturbances and 
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aberrations in the bilateral interaction between the immune and the 
endocrine systems. The latter may contribute as extrinsic factors to the 
0 s  phenotype, thus corroborating the current notion that immuno- 
regulation is not confined to the immune system but may involve 
mutual interactions with the neuroendocrine communication network 
(Kroemer et al., 1988d). In this section, the relative role of SAT and 
the functional interrelationship of various intrinsic or extrinsic dysregula- 
tions will be discussed. 

A. DYSREGULATION INTRINSIC TO THE IMMUNE SYSTEM OF THE 0s 
As mentioned in Section VI, A, transfer experiments between MHC- 

compatible 0 s  and CS chickens suggest a primary aberration of the 
T but not B cell lineage in the former. Moreover, 0 s  chickens produce 
AAbs against various nonthyroid autoantigens (Khoury et al., 1982; 
Aichinger et al., 1984) and exhibit increased cellular and humoral 
responses to exogenous antigens (Wick et al.,  1974; Kite et al., 1979), 
which suggest general rather than specific immunoregulatory defects 
underlying antithyroid autoimmune responses. Consequently, our 
laboratory has undertaken considerable efforts to explore general 
malfunctions of the 0 s  T cell regulatory system using polyclonal T cell 
activation by mitogens as an in vitro model. 

1. I n  Vitro T Cell Mitogen Hyperreactivity 

Functional investigations in Vitro revealed that 0 s  peripheral lym- 
phocytes (PBLs and splenocytes) exhibit elevated responses to the two 
T cell-stimulatory lectins, Con A (Kite et al.,  1979; Schauenstein et al., 
1985; Kroemer et al., 1985b) and PHA (Kroemer et al., 1988a). This 
phenomenon was observed irrespective of the mitogen dose, the cell con- 
centration, the length of incubation (12-72 hours), and whether soluble 
or matrix-bound lectins were used as stimulators (Schauenstein et al., 
1985). As mentioned in Section IV,B, the uptake of radioactive DNA pre- 
cursors, in the presence as well as the absence of T cell mitogens was ele- 
vated in the 0s as compared to outbred (NWL), closed-bred (CS), and 
inbred (CB, K) normal controls (see Table IV). In addition, the stimulation 
index was constantly increased in the 0s. Con A hyperresponsiveness 
of the 0 s  started even before the development of SAT, persisted 
throughout ontogeny, and was not affected by administration of 
exogenous thyroxine. Moreoever, induction of hypothyroidism in NWL 
controls by in Vivo treatment with the thyrostatic drug propylthiouracil 
did not modulate Con A responsiveness (Kroemer et al., 1985b), thus 
excluding that the Con A hyperreactivity of the 0 s  might be a conse- 
quenze of thyroid dysfunction. Mitogen-driven proliferation was 
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invariably increased in several 0s families differing in the severity of 
thyroid infiltration and in all 0s sublines homozygous for various MHC 
haplotypes (B5, B13, B15), thus arguing against MHC linkage of this 
phenomenon (Schauenstein et al., 1985). Interestingly, 0s splenocytes 
and PBLs have an increased capacity to adsorb FITC-labeled Con A 
(Kroemer et al., 1988a). In contrast, no aberrations were found in the 
Con A adsorption by 0s thymocytes, which also hyperrespond to Con 
A (Boyd et al., 1985), and in the PHA-binding capacity of 0s cells 
(Kroemer et al., 1988a). Thus, the apparent polyclonal T cell hyper- 
reactivity in vivo (vide infra) and the hyperproliferation of 0s lym- 
phocytes in response to the tumor promoter phorbolmyristic acetate in 
combination with the calcium ionophore ionomycin (Kroemer et al. ,  
1988b), exclude that increased mitogen responses of 0s lymphocytes 
might be an in vitro artifact due to an elevated expression of lectin 
receptors. 

To elucidate the mechanism of Con A hyperreactivity, cocultures of 
0s lymphocytes and NWL or CS controls were performed in com- 
municating chambers, which prevent direct contact between the respec- 
tive responder cells but allow the mutual exchange of conditioned media. 
Free diffusion of soluble immunoregulatory factors between 0s and 
control PBLs did not abrogate the differences in Con A response 
(Schauenstein et al., 1987a). However, this protocol completely abolished 
the difference in Con A-driven proliferation between 0s and NWL 
splenocytes (Kroemer et al., 198513). This suggested that Con A hyper- 
response of 0s splenocytes might be due to differences in the produc- 
tion of regulatory cytokines, rather than to shifts in the responder cell 
population, and pointed to entirely different mechanisms of mitogen 
hyperreactivity operative in 0s spleen and peripheral blood (Schauenstein 
et al., 1987b). 

2. IL-2 Production and IL-2 Receptor Expression in the 0s 

In contrast to earlier reports favoring an "IL-2 defect" in autoimmunity 
(reviewed by Kroemer et al., 1986), 0s T cells exhibit increased pro- 
duction of, and response to, IL-2. Regardless of the age of the donors, 
i.e., before and during the manifestation of SAT, Con A-stimulated 
peripheral 0s T cells secrete at least two times more IL-2 than do those 
of normal control strains, when stimulated for 18 hours (Schauenstein 
et al., 1985; Kroemer et al., 1987). When cells are incubated for a longer 
period, the relative difference in IL-2 production between control and 
0s cells tends to augment for one order of magnitude, since the lympho- 
kine is released by 0s lymphocytes in a protracted fashion (Kroemer 
et al., 1987). A strong positive correlation between mitogen response 
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and IL-2 secretion in individual splenocyte cultures suggested a deter- 
mining role of the IL-2 concentration in the quantitative outcome of 
Con A stimulation. Accordingly, IL-2 production tended to increase 
during the first 3 months of life, as did the mitogen response. Moreover, 
acquisition of mitogen responsiveness and the capacity to produce IL-2 
during ontogeny developed in parallel in the first 3-6 days after hatch- 
ing, in both 0s and NWL birds (Schauenstein et al., 1985). Semipurified 
IL-2 was able to elevate the Con A response of NWL splenocytes, but 
not PBLs, suggesting that the T cell mitogen hyperresponse of 0s 
splenocytes might be functionally related to IL-2 hypersecretion (Kroemer 
et al., 1985; Schauenstein et al., 1987a). 

Characterization of the kinetics of IL-2 receptor expression, using a 
Mab (INNChl6) directed against the chicken homolog of the /3 chain 
(L chain, p55, Tac antigen) of the mammalian high-affinity a//3 
heterodimeric IL-2 receptor (HPla et al., 1986; Schauenstein et al.,  1988), 
confirmed the notion of divergent mechanisms for 0 s  splenocyte and 
PBL hyperproliferation. As expected from the results of coculture 
experiments, 0s and NWL splenocytes contain the same percentage of 
Con A-activatable T lymphocytes, i.e., cells which are able to express 
IL-2 receptor and thus acquire the ability to proliferate with IL-2. In 
both strains about 20% of splenocytes express IL-2 receptors upon short- 
term (4- and 8-hour) Con A stimulation. 0s PBLs, in contrast, contain 
about twice as many Con A-activatable cells (40%) as do NWL PBLs. 
The IL-2 receptor density on a per-cell basis, determined by 
immunofluorescence, was the same in 4-hour Con A-stimulated 0 s  and 
NWL splenocytes or PBLs. However, after prolonged stimulation ( > 36 
hours) 0s splenic Con A blasts markedly differed from their NWL 
counterparts: 0s lymphocytes displayed an increased capacity to absorb 
IL-2 (Schauenstein et al., 1985), elevated binding of INNChl6, and an 
enhanced proliferative response to IL-2 (Schauenstein et al., 1988). All 
of these abnormalities were not observed with PBL blasts and are second- 
ary to the altered cytokine concentrations in the culture supernatant, 
since the difference in the reactivity toward IL-2 disappeared when 0s 
and control splenocytes were cocultured in communicating chambers. 
Interestingly, lymphokine hyperreactivity is not unique to 0 s  splenic 
blasts. As discussed in Section V, 0s TECs are also significantly more 
sensitive to the MHC class I1 (B-L) antigen-inducting effect of chicken y- 
interferon as compared to normal thyrocytes (Wick et al., 1987). Thus, 
the 0s exhibits both elevated lymphokine production and increased 
responses in several in vitro systems. 

Morphological and functional characterization of lymphocytes 
infiltrating the 0s thyroid gland strongly suggests the involvement of 
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IL-2 and IL-2 receptor-positive cells in SAT (1) Immunohistological 
analysis (Fig. 6) of 0s thyroid glands revealed that IL-2 receptor-positive 
T lymphoblasts are among the very first cells to invade the target organ 
(HPla et al.,  1986). Only with the aggravation of thyroid infiltration does 
the portion of INNChl6+ cells decline from nearly 100% to about 10% 
among intrathyroidal T lymphocytes, still a high proportion as com- 
pared to 0s spleen or peripheral blood, each of which contains less than 
1% of IL-2 receptor-positive cells (Kroemer et a l . ,  1985a). This is prob- 
ably due to the loss of the IL-2 receptor, which is only transiently expressed 
on activated T cells (Schauenstein et al., 1987b). (2) TILs from 4-week- 
old 0s donors effectively respond to PHA or Con A, thus pointing to 
an intact lymphokine cascade at the site of the inflammatory process. 
(3) Local IL-2 production in the thyroid gland is suggested by spontaneous 
IL-2 production in Vitro by freshly isolated TILs. Similarly, TILs not 
preactivated with mitogen mount high proliferative responses to IL-2 
in Vitro (Kroemer et al., 1985a). 

FIG. 6. IL-2 receptor expression on early thyroid-infiltrating lymphocytes. A frozen, 
unfixed thyroid section of a 10-day-old 0 s  animal was stained with the chicken IL-2 
receptor-specific Mab INNChl6 and a goat anti-mouse Ig peroxidase conjugate. (From 
HPla et al . ,  1986, with permission.) 
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These results, together with cosegregation of OS-like IL-2 hypersecre- 
tion with foci of lymphoid infiltration in the thyroid gland of 
(0s X CB)F2 birds (vide infra), prompted us to postulate that IL-2 may 
play an important role in the etiopathogenesis of SAT (Kroemer et a l . ,  
1986, 1989b). 

3. In Viuo Hyperreactivity of 0s T Lymphocytes and Further 
T Cell Abnormalities 

In accordance with our in vitro findings, 0s chickens exhibit signs 
of marked T cell hyperfunction in vivo, including increased antiviral 
responses (Kite et al . ,  1979), allotransplant rejections (Jakobisiak et al., 
1976), and GVH reactions (Wick et al., 1974). Pulse labeling of freshly 
isolated lymphocytes and cytofluorometric cell cycle analysis revealed 
that the thymus and spleen, but not the bursa, of 0 s  embryos and newly 
hatched chicks contain elevated percentages of cells in the S phase of 
the cell cycle (Kroemer et al. 1988a). Double-staining experiments 
demonstrated that the elevated number of S phases in the spleen of the 
0s was due to a hyperproliferation of T cells, but not B cells. In this 
context it is noteworthy that stimulation of 0s PBLs with Escherichia 
coli lipopolysaccharide, similarly revealed no indication for abnormal 
B cell proliferation in Vitro (G. Kroemer, unpublished observations). 

Hyperproliferating T lymphocytes may not remain in situ since neither 
the overall cellularity of spleens and thymuses nor their relative T cell 
content are increased in the 0s (Albini and Wick, 1974). To the con- 
trary, 0s spleens and thymuses are smaller in size than are healthy con- 
trols (Scanes et al . ,  1976; Jaroszewski et al., 1978). Thus, further 
abnormalities in lymphopoiesis and/or cellular turnover have to be 
postulated in the 0s. For example, the elevated T cell replication in 
0s thymuses and spleens could entail an increased emigration of T cells 
and therefore could account for the enhanced percentage of functional 
T lymphocytes in 0s peripheral blood. 

Similarly, a speculative explanation for the observed discrepancy 
between a normal or even supraphysiological thymic suppressor cell 
activity, as evident, e.g., by the capacity of thymocytes to block mitogen 
or cytotoxic responses of autologous PBLs (R. L. Boyd and G. Wick, 
unpublished observations; Wick et a l . ,  1982a), and low peripheral 
immunosuppression in the 0s may be due to a delayed emigration of 
thymic suppressor cells to the periphery (Rose et al., 1981). In accor- 
dance with this, thymectomized OS, but not normal chickens, exhibit 
accelerated skin graft rejection (Jakobisiak et al . ,  1976). 
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In addition to an overall decrease in thymic cellularity, 0s chickens 
show selective deficiency of a special population of thymus cells, the TNCs 
(Boyd et a l . ,  1984), as mentioned in Section IV,B. The mechanisms of 
T cell hyperreactivity observed in different lymphoid cell populations 
of 0s chickens are summarized in Table IX. 

4 .  Defects in the Mononuclear Phagocytic System 

Supernatants of cultured splenocytes and PBLs as well as normal 
chicken serum contain a factor of monocyte/macrophage origin, which 
interferes with the uptake of [3H]thymidine or its analog 5-[1251]-2-de- 
oxyuridine into proliferating cells and which was identified as cold 
thymidine (Kroemer et al., 1985b, 1987, 1988c), the functional 
significance of which remains to be established. Interestingly, circulating 
monocytes produce normal levels of thymidine, whereas sessile 
macrophages from 0s spleens are deficient in this respect and 0s sera 
contained less thymidine than did control sera. Thymectomy, adoptive 
transfer of thymocytes and concentrated Con A supernatants, as well 
as correction of endocrine abnormalities did not normalize the thymidine 
concentration in 0s sera, which points to a primary rather than a second- 
ary abnormality of the 0s macrophage. In addition, phagocytes of 0 s  
chicks show an elevated oxidative burst activity: compared to NWL con- 
trols, 0s thymocytes or splenocytes exhibit a two- to 20-fold luminol- 
dependent chemiluminescence both in the absence of stimulatory agents 

TABLE IX 
DIFFERENT MECHANISMS OF T CELL HYPERREACTIVITY OPERATIVE 

IN 0s THYMUS, PBLs, SPLEEN, AND TILs" 

Thymus Spleen PBLs TILs 

- Con A- or PHA-driven proliferation t t t 
Spontaneous proliferation t f 
Con A-induced IL-2 production ND t t 
Spontaneous IL-2 secretion ND ND ND t 

IL-2 receptor + cells - - - 
Overall cellularity 1 1 

- 
- 

Con A-activatable cells ND - t ND 
t 

- 
Con A-binding capacity - t t ND 

aArrows indicate significant increase or decrease of the parameters as compared to 
the respective control group (NWL or CS cells for 0s thymocytes, splenocytes, and PBLs, 
0s PBLs for TILs). -, No difference; ND, not determined. All comparisons were done 
with 1- to 4-week-old chickens. (Data are from Kroemer et al . ,  1988e.) 

b (  ), Weak. 
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and in the presence of zymosan and phorbolmyristic acetate. This 
phenomenon could be observed both prior to and during SAT develop- 
ment of SAT (H. Wolf, unpublished observations). Finally, 0.5 macro- 
phages express more MHC class I1 (B-L) antigen than do normal 
controls (G. Wick, unpublished observations). 

B. DYSREGULATION EXTRINSIC TO THE IMMUNE SYSTEM OF THE 0s 
The notion that the quantitative outcome of an immune response is 

subject to endocrine - above all, glucocorticoid-mediated - regulation 
has recently been corroborated by experimental data showing a negative 
feedback mechanism by which the concentration of glucocorticoids, in 
turn, is regulated by immunological stimuli in several mammalian 
systems. We therefore investigated whether static and/or dynamic altera- 
tions in the glucocorticoid tonus might be present in the 0s .  

1. Decreased Basal Glucocorticoid Tonus in the 0s 

The glucocorticoid tonus, defined as the hormonally active cor- 
ticosteroid concentration, is the combined result of corticosterone (CN) 
secretion by the suprarenal cortex and the production of corticosteroid- 
binding globulin (CBG), the transport protein for CN, by hepatocytes. 
CN bound to CBG is hormonally inactive and only the small unbound 
fraction of plasma CN is freely available to penetrate into intracellular 
compartments and to exert its pleiotropic effects via CN receptors. 
Whereas total CN plasma levels did not differ between 0s and NWL 
animals, plasma CBG concentrations were constantly elevated in 0s 
chicks over those of NWL controls (Faessler et a l . ,  1986a). This CBG 
elevation was found irrespective of sex and at every age investigated, i.e., 
before, during, and after the onset of SAT. Since OS-derived CBG had 
the same affinity and specificity spectra as NWL CBG (Faessler et a l . ,  
1988a), its increase in plasma concentration must entail diminished 
biologically active (i.e., free) plasma CN. This decreased basal CN tonus 
of the 0s is neither functionally compensated for by CN receptor up- 
regulation in lymphoid cells nor by a hyperfunction of the postrecep- 
tive machinery mediating the CN effect. In 0s bursa, thymus, or spleen 
cells no abnormality in CN receptivity, association, dissociation, and 
sedimentation constants or steroid binding spectra of CN receptors could 
be detected (Faessler et al . ,  198613). Moreover, 0s and control splenocytes 
were equally susceptible to the suppressive effect of CN on the mitogen- 
driven proliferation (Faessler et a l . ,  1986a). 

In view of the widespread effect of glucocorticoids on the immune 
system, it is interesting to speculate which disturbances in the 0s chicken 
might be due to a diminished CN tonus. Glucocorticoids are well known 
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to regulate the cellularity of lymphoid organs (del Rey et al., 1984), sup- 
press the production of a variety of lymphokines, including IL-1 (Snyder 
and Unanue, 1982; Knudsen et al., 1987), IL-2 (Gillis et al., 1979a), 
and y-interferon (Arya et al., 1984), inhibit cytotoxic and proliferative 
responses of T lymphocytes (Gillis et al., 1979b), suppress the B cell 
activation process (Bowen and Fauci, 1984), or reduce MHC class I1 
antigen expression (Aberer et al., 1984). Raising the unbound fraction 
of glucocorticoids in the 0s chicken by subcutaneous administration 
of cortisol during the first 4 weeks after hatching inhibited the develop- 
ment of SAT and simultaneously corrected Con A hyperreactivity and 
IL-2 hypersecretion (Faessler et al., 1986a), but did not decrease the size 
of 0 s  lymphoid organs. This set of data suggested that defects intrinsic 
to the immune system on the one hand and diminished CN activity on 
the other hand may be functionally linked to each other. 

2. Deficient Glucocorticoid Tonus in Response 
to Im mun o logica 1 Stimuli 

Antigenic challenge leads to a transient increase in serum glucocor- 
ticoids in normal mice (Besedovsky et al., 1975), rats (Waterston, 1970), 
and chickens (Schauenstein et al., 1987a), with a peak at 3-6 days, i.e., 
coincident with that of the humoral immune response. This phenomenon 
appears to be the mechanism responsible for “sequential antigenic com- 
petition,” viz. the impaired ability to respond to a second, unrelated 
antigen administered several days after the first (Besedovsky et al., 1979). 
Since the suppressive effect of corticosteroids primarily concerns the 
inductive phase of lymphocyte activation but has little effect on the 
growth factor-dependent proliferation of preactivated lymphocytes (Gillis 
et al . ,  1979a), CN may ensure the maintenance of immune specificity 
by suppression of less specific lymphocyte clones that are coelicited in 
the course of the immune response. According to current understand- 
ing, the elevation of glucocorticoids after immunization is due to the 
production of glucocorticoid-inducing cytokines by antigen-responsive 
cells of the immune system. Recombinant murine IL-1 (Besedovsky et al., 
1986) and human IL-1 (Uehara et al., 1987) induce the transcription 
of the gene coding for proopiomelanocortin, the precursor of the 
adrenocorticotropic hormone (ACTH, or corticotropin) in pituitary cells 
either directly (Bernton et al., 1987) or indirectly by triggering 
hypothalamic neurons, which release corticotropin-releasing factor 
(Sapolsky et al., 1987; Berkenbosch et al., 1987; Uehara et al., 1987). 
Further candidates for glucocorticoid-inducing factors (GIFs) are IL-2, 
which has been reported to stimulate ACTH release in the human system 
(Lotze et al., 1985; Brown et al., 1987), and ACTH-like factors produced 
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HYPOTHALAMUS 

by stimulated immune cells, which, in contrast to IL-1 and IL-2, would 
act directly on the adrenal cortex (Smith et al., 1982, 1986). CN, secreted 
due to a direct or indirect stimulation of the suprarenal cortex, may 
then inhibit immune function, thus completing a feedback control loop 
(Fig. 7). 

Interestingly, the autoimmunity-prone 0s chickens lack the 
physiological elevation in serum CN when immunized with xenogeneic 
RBCs (Schauenstein et al., 1987a). Since systemic autoimmunity in 
mammals has been associated with defective production of IL-1 and other 
cytokines in uilro (Linker-Israeli et al., 1983; Bocchieri et al. ,  1985), 
we initially suspected that 0s chickens were deficient in the generation 
of GIFs. However, conditioned media of Con A-stimulated 0s splenocytes 
and NWL control supernatants were equally effective in eliciting an 
ephemeric increase in serum levels of CN when injected into NWL 
chickens. In contrast, 0 s  chickens were hyporesponsive to GIFs because 
injection of GIFs containing supernatants elicited significantly lower CN 
peaks than in their normal counterparts (Schauenstein et al., 1987a). 
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FIG. 7. Immunoendocrine feedback loop. Ma, Macrophage; AG, antigen; B, 
B lymphocyte; T, T lymphocyte; GIF, glucocorticoid-inducing factor; ILI, interleukin-1; 
NA, noradrenaline; CRF, corticotropin-releasing factor; ACTH, adrenocorticotropic 
hormone; POMC, proopiomelanocortin. 
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To elucidate the mechanism of this GIF hyporesponsiveness in the 0s 
chicken, we decided to characterize the chemical nature and mode of 
action of GIFs. GIF responses in NWL chicks could be completely blocked 
by dexame thasone administration, which suppresses ACTH production 
(Jingami et al., 1985), indicating that GIFs in the chicken do not 
stimulate CN release by acting directly on the adrenal gland (Brezinschek 
et al., 1989). This raised the question of whether the defect in GIF 
responsiveness was located in the hypothalamo-pituitary area, which 
might result in insufficient ACTH production, or in the adrenal gland, 
which might be incapable of responding to the ACTH stimulus. Injec- 
tion of the synthetic ACTH analog Synacthen (Liba-Geigy, Basel, 
Switzerland) provoked an equal increase in serum CN levels in 0s and 
NWL chickens, indicating normal adrenal cortex function in 0s 
chickens. Therefore, their GIF hyporesponsiveness is probably due to 
a defect within the hypothalamo-hypophyseal axis. The diminished CN 
response to GIF does not, however, reflect a general inability of the 0s 
chickens to deal with stress, since they respond normally to unspecific 
stressors, e.g., restraining for 5 minutes. Molecular sieve and anion- 
exchange chromatography revealed GIFs to be a 16- to 18-kDa basic pro- 
tein. GIF activity could be separated from IL-2 and coeluted with a 
protein that in immunoblots reacts with a polyclonal antiserum against 
human IL-10 and a Mab specific for a common determinant of human 
IL-la and p. Subsequent affinity chromatography over an IL-1 antibody 
column allowed the separation of two GIF activities, one being retained 
by the column and sensitive to repeated freezing and thawing, the other in 
the unbound fraction and more stable (Brezinschek et al., 1989). We are 
presently investigating whether the 0s is hyporesponsive to both types of GIE 

To explore the relevance of the immune signal-GIF-CN axis for 
immune reactivity, we designed the following experiment: Concentrated 
GIF was injected intravenously into 0s and NWL chickens, followed 
by repeated blood sampling. Concomitantly with the CN peak appear- 
ing 1 hour after GIF application, a decrease of Con A responses by PBLs 
was observed. As expected, this suppression was much less pronounced 
in 0s birds (Fig. 8) (Schauenstein et al . ,  1987a). 

Our concerted findings indicate that in 0s chickens a reduction of the 
dynamic and static CN tonus occurs, which might facilitate the initiation 
of “forbidden” immune reactions in terms of a “derepression” of immune 
function. The defect in glucocorticoid-mediated immunoregulation in the 
0s is twofold, involving (1) a decreased basal CN tonus due to an eleva- 
tion of plasma CBG and (2) an impaired CN rise in response to antigenic 
stimulation due to a defect in the hypothalamo-pituitary system, which 
fails to secrete ACTH in response to a normally produced GIF. 
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FIG. 8. Effect of cytokine-induced corticosterone elevation on the reactivity of 
lymphocytes. CM, Conditioned medium. Results are expressed as means 5 SEM. (From 
Schauenstein et al . ,  1987a, with permission.) 

3.  Sex Steroids and SAT 

A prominent characteristic of most systemic as well as organ-specific 
autoimmune diseases is a female preponderance, claimed to be due to 
differences in the levels of sex steroids (Grossman, 1984). Accordingly, 
when the 0 s  was first established, only female animals developed SAT 
(Cole, 1966). As mentioned in Section 11, this female predominance later 
disappeared as a result of selective breeding, and SAT was already mani- 
fested in a sexually immature, hormonally still “neutral” young age. As for 
CN, no differences between age- and sex-matched prepubertal 0 s  and 
NWL birds were detected in testosterone, estradiol, and progesterone 
plasma levels (Faessler et a l . ,  198813). In contrast to mammals, chicken 
serum is devoid of a sex hormone-binding globulin, which implicates 
that the sex steroid concentration in birds actually reflects real hormone 
bioavailability. Moreover, affinity, binding capacity, or steroid binding 
spectra of receptors for the different classes of sex steroids did not differ 
(Faessler et al.,  1986b). Interestingly, immunization with SRBCs not only 
increased CN plasma levels in NWL chickens, but concomitantly 
modulated testosterone serum concentrations, although in an inverse 
direction and without a significant difference between 0s and healthy 
control chickens (Faessler et al., 198813). These results suggest that, in 
contrast to the glucocorticoid tonus, the androgen tonus as well as its 
modulation by immune signals are normal in the 0 s .  

Androgens modulate immune functions and suppress the development 
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of experimentally induced and genetically transmitted AID (Roubinian 
et al., 1978; Okayasu et al., 1981), including SAT (Gause and Marsh, 
1986). In view of the potential clinical use of androgens or androgenlike 
substances in immunosuppressive therapy, the mechanism by which 
testosterone attenuates SAT was studied. Repeated administration of a 
pharmacological testosterone dose (1 mg/100 g of body weight) during 
the posthatching period resulted in a significant reduction of both thyroid 
infiltration and circulating Tg-AAbs in addition to a pseudopubertas 
precox (Faessler et a l . ,  198813). Since chicken thyroids are devoid of sex 
hormone receptors, SAT prevention is probably more related to an 
immunomodulation rather than to a direct effect on the target organ. 
Immunosuppression by testosterone affects the B rather than the T cell 
lineage, since androgen treatment provokes a complete involution of 
bursal parenchyma and reduced circulating B cells (Glick, 1964), but 
does not alter thymic cellularity or in vitro Con A responses by peripheral 
T cells (Faessler et a l . ,  198813). Since immature bursal lymphoid cells 
and mature spleen cells lack detectable androgen receptors, the sup- 
pression of Tg-AAb production and the reduction in blood B lymphocytes 
cannot be attributed to a direct effect of testosterone on lymphocytes. 
Bursa1 involution is most likely due to a direct effect on bursal epithelial 
cells that express high quantities of androgen receptors. Interestingly, 
CBG levels were significantly depressed upon testosterone application, 
pointing to an elevated CN tonus that may exert additional indirect 
immunoregulatory effects. Moreover, high testosterone levels may compete 
for CN binding sites on CBG (Faessler et al. , 1988b), which could further 
elevate free, hormonally active glucocorticoid concentrations. 

Preliminary data (H. Dietrich, R. Faessler, and G. Wick, unpublished 
observations) suggest that estradiol, but not progesterone, also significantly 
modulates SAT. In estradiol-treated 0s chicks the only alteration among 
those parameters investigated (i.e., T cell mitogen responses, distribution 
of lymphocyte subsets, cellularity and morphology of lymphoid organs, 
endocrine parameters) was a profound decrease in CBG plasma levels. This 
underlines the p i b l e  role of free glucocorticoid levels in SAT development. 

VIII. Genetics 

A. ROLE OFTHE MHC (B LOCUS) 

1. General Remarks 

The basis for the successful development of the 0s chicken from the 
CS mother strain by selective breeding was the hereditary nature of SAT 
(Cole, 1966). The polygenic character of this trait was proven by means 
of appropriate cross-breeding of 0s with NWL chickens (Cole, 1966). 
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Based on the data of such cross-breedings and adoptive transfer studies, 
Rose et al. (1976) and Wick et al. (1979) proposed that at least three 
genetic loci are involved in the regulation of SAT (1) MHC genes, (2) non- 
MHC genes coregulating the immunological hyperreactivity, and (3) 
genes coding for a target organ susceptibility to autoimmune effector 
mechanisms. Further analyses of the genetic control of SAT were done 
using crosses of 0s and CS chickens (Bacon et al., 1981) and of 0 s  birds 
with the highly inbred normal CB line (Neu et al., 1985, 1986). 

The relationship between the MHC, originally characterized as blood 
group locus B (Briles et al., 1950), and SAT in 0s chickens was described 
by Bacon et al. (1974) and by Wick et al. (1979) and has recently been 
summarized by Hdla (1988). 

The serological analysis of MHC haplotypes in 0s chickens revealed 
the occurrence of three haplotypes in this strain (Bacon et al., 1973): 
B', B3, and B4 [on the basis of the new internationally accepted 
nomenclature (Briles et al., 1982) these were renamed B13, B15, and B5, 
respectively]. For functional analysis of MHC haplotypes, these authors 
used skin grafts (Schierman and Nordskog, 1961) and as a second test 
system GVH reactivity, which is also under the control of the MHC (Jaffe 
and McDermid, 1962). 

The relative importance of the MHC haplotype for the development 
of SAT became evident from the following experiments of Bacon et al. 
(1974). Assessing the development of SAT in the progeny of B5B13 fam- 
ilies, these authors observed most the severe lymphoid infiltration of 
thyroid glands in animals carrying the B13 haplotype (thyroid glands 
from homozygous animals were infiltrated to a greater extent than were 
those of heterozygous chickens). Mild thyroid infiltration was detected 
in B5B5 animals. In another series of experiments chickens possessing 
the haplotype B15 (Bacon, 1976) had more severe infiltration than did 
B13 chickens. In studies by Wick et al. (1979) performed in an 0s colony 
that had been separated from the original flock for nearly 10 years, the 
haplotypes B13 and B5 were associated with the most severe disease, 
while B15 chickens suffered only very mild thyroiditis. The same associa- 
tion was observed between the presence of certain MHC haplotypes and 
the frequency and the titer of Tg-AAbs (Bacon et al., 1974; Wick et al., 
1979). These controversial results suggested the existence of additional 
non-MHC genes involved in the regulation of the disease. 

The importance of non-MHC loci for the development of SAT emerged 
from breeding experiments with sublines with identical MHC haplotypes 
selected for high and low levels of Tg-AAbs (Boyd et al., 1983). These 
studies afforded data similar to those obtained by Bacon et al. (1978), 
Rose et al. (1978), and Bacon and Rose (1979) with three 0.5 sublines 
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with the identical B haplotype. In these experiments, the same haplotype 
(B5B5) was associated with severe disease in one subline and mild disease 
in another. The authors concluded that the B haplotype might influence 
the pathogenesis of SAT differently in each subline (Bacon et al., 1978). 
Segregation of non-MHC genes (Wick et al . ,  1979) or qualitative dif- 
ferences between the B5 haplotypes in these sublines (Rose et al., 1978) 
were considered possible explanations for this different responsiveness. 

To further address the latter possibility, the genetic make-up of the 
Innsbruck 0s colony was studied with the help of mixed-lymphocyte 
reaction, GVH reaction, and serological analyses for all 0s haplotypes 
(B5, B13, and B15) (Hgla, 1988). Within the limits of these methods, we 
did not observe any inconsistencies in groups of chickens with a given 
haplotype. Subsequently, we used restriction fragment-length polymor- 
phism (RFLP) analyses to further probe for possible MHC micro- 
heterogeneities among chickens with the same haplotype (Fig. 9). For 
this purpose, BamHI-digested DNA was hybridized to a cDNA probe 
(Bourlet et a l . ,  1988) corresponding to the p2 domain of the B-L class I1 
gene. DNA of B5B5 and B13B13 animals analyzed in this way showed 
characteristic RFLP patterns for both haplotypes without differences 
among chickens with an identical haplotype. However, Southern blots 

FIG. 9. Restriction fragment-length polymorphism analysis of DNA from six B15B15 
0 s  chickens. DNA from RBC nuclei was digested with restriction enzyme BamHI. Blots 
were hybridized with the s2P-1abeled p232 probe for the chicken MHC class I1 @ chain 
(Bourlet et al . ,  1988). HzndIII-digested X phage DNA was used as a size marker (right). 
Note two different RFLP patterns in these MHC-identical chickens. 
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with BamHI-digested DNA from B15B15 0 s  chickens revealed two 
RFLP patterns (H41a et al., 1989). This heterogeneity among serologi- 
cally identical B haplotypes might perhaps explain high and low 
responders (with respect to SAT and TgAAbs) among such animals (Rose 
et al., 1978; Boyd et al., 1983). 

How the MHC influences SAT development and which gene@) within, 
or linked to, the MHC might be important for the natural history of 
this disease are not yet clear. Among the MHC genes with identified 
products (B-F, class I antigens; B-L, class I1 antigens; and B-G,  class 
IV antigens, the latter expressed only on RBCs) (Pink et al., 1977), B-L 
genes are the best candidates for regulators of immune responses against 
different exogenous antigens (Guenther et al., 1974; Balcarovg et al., 
1974) and therefore are also the best candidates for regulation of the 
autoimmune reactions in 0 s  chickens. However, a possible role of addi- 
tional MHC genes, without known products or function (Guillemot et al., 
1988), cannot be excluded. 

2 .  Analysis of the Genetic Basis of SAT by Means 
of Crosses of 0s with Outbred Chickens 

The genetic background of 0 s  chickens was first analyzed by cross- 
breeding with the CS, i.e., the 0 s  mother strain, established in 1935 
(Van Tienhoven and Cole, 1962). In subsequent, more detailed 
experiments randomly selected CS dams carrying B6, B13, or B15 were 
mated with B5, B13, or B5B5 0 s  sires (Bacon et al., 1977). Half of the 
F1 hybrid offspring showed thyroid infiltration (at least l+) .  In addi- 
tion, differences in SAT severity were observed regardless of the haplotype. 
For instance, in CS females, the haplotype B5 together with B15 was 
associated with a high frequency of SAT (8.3% of F1 animals showed 
lymphoid infiltration of the thyroid glands), but B5B6 F1 hybrids were 
free of thyroiditis. In this F1 progeny a positive correlation emerged 
among Tg-AAb titers, thyroid pathology, and clinical phenotype, irrespec- 
tive of the genotype (B5B5, B6B6, and B5B6).  However, homozygous B15 
chickens developed more severe disease than did B13 homozygotes. 

From the B6815 ( 0 s  X CS)F1 generation, 440 Fz chickens were 
derived and Tg-AAb and thyroid infiltration was recorded at 7 weeks 
of age (Bacon et al., 1981). The proportion of chickens with SAT varied 
significantly between families from different sires, although a possible 
influence of the MHC haplotype was only observed in B6 homozygotes, 
but not in B6B15 heterozygotes and B15 homozygotes. These authors con- 
cluded that the influence of the B complex on the genetic susceptibility 
for SAT is more evident in animals with limited susceptibility at other loci. 
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3. Analysis of the Genetic Basis of SAT by Means of Crosses 
of 0s with Normal Inbred Chickens 

Early genetic analyses had determined SAT as a polygenic disease con- 
trolled by rather few genes (Cole, 1966; Rose et a l . ,  1976; Wick et a l . ,  
1979). It was reasoned that in such a case, i.e., the development of SAT 
being under the control of several genes, these may also segregate within 
a normal, healthy population. However, their frequency in an outbred 
population would be so low that the probability for accumulation in 
one single individual with resulting disease would also be very low. Since 
there are at present no means to identify such genes directly, one could 
only study their effect via the assessment of the disease itself. To elimi- 
nate further complications in the interpretation of data due to undetec- 
table differences between animals from different families and generations, 
we therefore resorted to the highly inbred CB strain as a reference line. 

This inbred line, founded in England in 1933, is now - after more than 
50 generations of brother X sister mating (for a review, see Hda, 1987)- 
syngeneic and homozygotic at practically all loci. The CB line may, of 
course, share some of the obese alleles with the OS, but there is at least 
no difference among individual CB animals and one can repeat crossing 
experiments with animals with a homogenous genetic background. 

The results of our experiments (Neu et al.,  1985, 1986; Kroemer et al.,  
1989) are summarized in Table X. Assuming a simple Mendelian 
inheritance, we postulated the existence of different genetic control 
mechanisms for the heightened immune responsiveness and the target 
organ sensitivity in the OS, respectively. 

It seemed that the reactivity of the immune system against Tg is 
regulated by one (maximally two), probably dominant, gene(s). F1 
hybrids produce Tg-AAbs (Neu et al., 1986), but no substantial thyroid 
infiltration was recorded in these birds. In the first backcross genera- 
tion we observed severe ( 2 2  +) infiltration in about 5 %  of all chickens 
and in about one quarter of all F2 chickens with significant (more than 
10% of the thyroid cross-section affected) lymphoid infiltration. From 
this fraction of afflicted animals, one can calculate the number of genes 
(one or two genes) involved in the regulation of target organ sensitivity 
to the autoimmune attack. All of these calculations are, of course, only 
valid for the combination of the 0 s  and inbred CB lines. 

B. GENETIC CONTROL OF THE TARGET ORGAN SENSITIVITY 

As mentioned in Section V, the thyroid gland of 0 s  chickens shows 
a series of intrinsic functional abnormalities, such as an increased lS1I 



TABLE X 
Tg-AABs AND THYROID INFILTRATION IN BACKCROSS GENERATION AND F1 HYBRIDS~ 

TgAAb 
Animals with thyroiditis ( %)6 

4+ 3+ 2+ 1+ - 
Age No. of ELISA Precipitation 

Cross (wk) animals (% pos.) (% pos.) 

(CB X 0S)Fi X CB 10 
21 
40-50 
14 

105 
(0s X CB)F2 15 

16 

(CB X 0S)FI X 0s 
17-22 

40-50 

10 
8 
3 
26 
9 
5 
19 
126 
11 

0 
25 
67 
46 
67 
60 
47 
ND 
75 

0 
0 

23 4 15 31 
67 22 33 
60 20 20 
16 21 
18 8c 16c 
42 25 17 

33 (33 

100 
100 

50 
45 
60 
79 
76' 
58 

67) 

=ELSA, Enzyme-linked immunosorbent assay; pos., positive; ND, not done. [From Neu et al. (1986) and Kroemer 

Infiltration of thyroid gland: 1 + , up to 25 % of the histological section infiltrated: 2 + , 25 -50% infiltration; 3 + , 

CClassified according to a different scoring schedule for SAT, i.e., percentage of the infiltrated area of thyroid cross- 

et al. (1989a).] 

50-75% infiltration; 4+, 75% to total infiltration. 

sections: below lo%, 10-40% infiltration, and more than 40% infiltration. 
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uptake, resistance to T4 suppression, and decreased in Vitro prolifera- 
tion of TECs. 

The augmented capacity for lSII uptake in the 0s was analyzed in 
crosses between 0s (with high lS1I uptake) and inbred CB chickens (with 
low lSII uptake), suppressed by the presence of T4 in the diet. 
(0s X CB)F1 hybrids showed low lSII uptake, like CB chickens, and the 
(0s X CB)F1 X 0s backcross generation segregated into two groups, 
one each of low and high iodine uptake. It was concluded that this func- 
tional trait is encoded by one recessive gene (Neu et al., 1985). Further 
genetic analyses, discussed in the next section, revealed that this gene 
is neither linked to the MHC nor associated with thyroid infiltration. 

Another 0s thyroid abnormality is its susceptibility to passively 
transferred Tg-AAbs Uaroszewski et al. , 1978). Similar observations were 
made by Neu et al. (1985), using (0s X CB)F1 hybrids and 
(0s X CB)Fl X 0s backcrosses. From the number of animals with 
significant infiltration after passive transfer of Tg-AAbs ( 1 2  + ), we con- 
cluded that this susceptibility is encoded by approximately three genes, 
at least one of them recessive. 

C. GENETIC ANALYSIS OF SAT-ASSOCIATED DYSFUNCTIONS 

In addition to the above-mentioned investigations of a possible role 
of the MHC in the development of SAT, we recently performed further, 
more extensive studies with several hundred chickens concerning the 
thyroidal and extrathyroidal endocrinological, immunological, 
virological, and clinical characteristics of hybrids of the 0s and CB strain 
to (1) further define the number of genes contributing to SAT-associated 
aberrations, (2) unravel their possible functional relationship, which could 
be reflected by genetic linkage (Kroemer et al., 198813, 1989b), and 
(3) weigh the relative contributions of these abnormalities to the genera- 
tion of SAT. 

1 .  Mode of Inheritance of OS-Specific Functional Disturbances 

OS-like PBL hyperproliferation to Con A-coated erythrocytes is 
inherited by all (0s X CB)F1 and (F1 X 0s) and by 50% of the 
(F1 X CB) backcross animals, suggesting control by a single autosomal 
dominant gene. Interestingly, the (F1 X CB) backcross high responders 
tended to group themselves in the lower range of their 0s ancestors, 
suggesting additional modulatory genetic influences determining Con A 
hyperresponsiveness. The elevated proliferative response of 0s lym- 
phocytes to Con A segregated from the MHC but was associated with 
supranormal proliferation with PHA. Thus, MHC-associated genes and 
different genetic systems for Con A and PHA reactivity, which determine 



488 GEORG WICK ET A L  

the magnitude of mitogen responsiveness in normal chickens (Morrow 
and Abplanalp, 1982; Pink and Vainio, 1983; Frederickson and Gilmour, 
1983), are not involved in 0s T cell hyperreactivity. 

IL-2 hypersecretion, elevated percentages of circulating potential IL-2 
responders, and increased proliferative Con A responses cosegregated 
in the (F1 X CB) backcross generation. Similarly, PBL and splenocyte 
responses to Con A exhibited a high degree of correlation, although dif- 
ferent regulatory defects have been implicated in the Con A hyperreac- 
tivity of both cell populations (Schauenstein et al., 1987b). Thus, the 
T cell hyperreactivity of the 0s chicken constitutes one block of 
genetically and/or functionally linked characteristics. Whereas the 
increased percentage of Con A-activatable PBLs was fully expressed in 
(F1 X CB) backcross high responders, IL-2 secretion by these animals 
did not reach the 0s levels, although it always exceeded the CB average. 
This might explain why the mitogen response of (F1 X CB) backcross 
high responders, on average, is lower than in the 0s. 

Similar to T cell hyperreactivity, the 0s in uivo hyporesponse to the 
CN-inducing effect of cytokine preparations is controlled by one 
autosomal dominant gene not linked to the MHC. However, this disturbed 
immunoendocrine communication segregated from the Con A high- 
responder phenotype in the (F1 x CB) backcross generation, indicating 
functional and genetic independence of these two aberrations. Unex- 
pectedly, GIF hyporesponsiveness cosegregated with the OS-specific 
endogenous virus ev 22. At present, we do not know whether this genetic 
phenomenon reflects a coincidental vicinity of the ev 22 locus and the 
gene regulating GIF responses or a functional relationship between these 
two OS-specific characteristics. 

The decreased thymidine concentration in 0s sera, which may be 
attributed to a functional macrophage defect, is also an MHC-independent 
autosomal dominant trait and segregates from both T cell hyperreactivity 
and ev 22 in (F1 X CB) backcrosses (Kroemer et al., 1988~). 

Neu et al. (1985) have shown that the increased iodine uptake by the 
0s thyroid is controlled by a recessive gene. More recent analysis 
(Kroemer et al . ,  1989b) confirmed this finding and revealed its MHC 
independence. 

OS-like high plasma CBG levels were not found among (0s X CB)F1 
hybrids or (F1 X CB) backcrosses, but were encountered among about 
half of the (F1 X 0s) backcross generation of either the B15B15 or B12B15 
haplotype, indicating that the decreased basal glucocorticoid tonus of 
the 0s is controlled by one recessive locus independent of the MHC. 
No association was found between high CBG levels and high iodine 
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uptake into the thyroid, indicating independence of these two endocrino- 
logical abnormalities. 

From these data, it was concluded that five independent genes code 
for the different regulatory disturbances studied. Three separate 
autosomal dominant loci code for (1) the whole complex of T cell hyper- 
reactivity, (2) hypothymidinemia, and (3) eu 22, which cosegregates with 
the in mu0 hyporesponsiveness to the glucocorticoid-inducing effect of 
cytokines. Two autosomal recessive genes determine independently from 
each other (4) the altered iodine metabolism and ( 5 )  the abnormal ratio 
between free CN and that bound to CBG. 

2.  Associations of Functional Disturbances with SAT 
in 0s x CB Hybrids 

To elucidate the etiopathogenic relevance of the above-described 
abnormalities, we studied their genetics in conjunction with thyroid 
pathology and serological analysis in (0s X CB)F1, Fz, and backcross 
generations. If one or several putative etiological agents were indispens- 
able for SAT development, any animal afflicted with SAT should carry 
thidthese feature(s). Such an immunological or endocrinological abnor- 
mality would constitute an essential factor in the pathogenesis of SAT. 
In addition, nonessential functional abnormalities may influence the 
onset and/or severity of SAT. Such a modulatory factor should become 
apparent by a statistically significant correlation between SAT severity 
(or time of onset) and occurrence of the respective pathogenetic change 
in (0s X CB)F2 animals. 

As discussed above, none of the (0s X CB)F1 or (F1 X CB) 
backcrosses, about half of the (F1 X 0s) backcrosses, and one quarter 
of the (0s X CB)FZ generation developed a sigdkant (21+) (vide SU@) 
thyroid infiltration, thus suggesting that only a single recessive gene 
governs the decision as to whether SAT develops or not, although disease 
severity follows a more complex pattern of inheritance. For the calcula- 
tion of the number of genes regulating SAT severity, it is important to 
clearly characterize and define the borderline between healthy and 
affected animals. Accepting a low degree of lymphoid infiltration of the 
thyroid gland as a criterion for unequivocal disease results in a higher 
frequency of positive animals and a lower number of genes calculated 
to be responsible for SAT. On the other hand, considering only severe 
infiltration ( > 2  +) means fewer animals classified as affected and a 
higher number of genes controlling the disease (Neu et a l . ,  1986). 

Therefore, either of the two recessively inherited endocrinological 
disorders of the 0s -namely, elevated thyroidal iodine uptake and 
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increased CBG production - seemed possible candidates for the putative 
major SAT gene. However, these two features did not cosegregate with 
the occurrence of SAT in (F1 X CB) backcrosses, and SAT developed 
in chickens with normal CBG levels and iodine uptake. This proved that 
these two endocrine dysfunctions are not essential for SAT. 

A possible impact of the dominantly inherited features was assessed 
in (0s X CB)F2 crosses. Even severe thyroiditis (>40% of thyroid 
parenchyma replaced by lymphoid infiltration) occurred in F2 birds 
with T cell responses or thymidine levels in the normal CB range and 
devoid of ev 22, thus ruling out an essential role of these abnormalities 
on SAT as well. Interestingly, development of small foci of thyroid infiltra- 
tion, which occasionally are also found in the CB control group, positively 
correlated with high Con A response. 

Altogether, these data (summarized in Table XI) indicate that none 
of the five genetically determined OS-specific abnormalities studied is 
a conditio sine qua non for the development of SAT. Among these traits, 
only CBG levels and T cell responses so far have been shown to modulate 
the degree of thyroid infiltration, as previously reported for sex, MHC, 

TABLE XI 
GENETIC ANALYSIS OF FUNC~IONAL ABNORMALITIES IN THE 0s CHICKEN‘ 

Percentage (no. of positive/total investigated) 
of animals with “0s-like” characteristics in 

Parameter (0s X CB)Fl (F1 X CB)BC (F1 X 0S)Bc (0s X CB)F2 

Hyperresponse 
to Con Ab 

IL-2 hypersecretionb 
Con A-activatable 

Hyporesponse to 

ev 22c 
Elevated CBG 
Thyroidal iodine 

Decreased serum 

P B L S ~  

GIFC 

uptake 

thymidine 

100 (42/42) 
100 (35/35) 

100 (9/9) 

100 (ll/ll) 

0 (0/20) 

0 (O/ll) 

100 (9/9) 

100 ( 6 / 6 )  

41 (64/158) 
55 (11/20) 

52 (21/40) 

55 (11/20) 

0 (0/20) 
50 (38/76) 

ND 

56 (10/18) 

100 (29/29) 
ND 

100 (17/17) 

ND 
100 (17/17) 
47 (21/44) 

42 (43/102) 

ND 

73 (92/126) 
73 (91/125) 

81 (43/53) 

ND 
ND 

21 (28/136) 

ND 

ND 

aCon A, Concanavalin A; IL-2, interleukin-2; ND, not determined; PBLs, peripheral 
blood leukocytes; CIF, glucocorticoid-inducing factor; CBG, corticosteroid-binding 
globulin; ev 22, 0.5-specific endogenous virus 22; Bc, backcross. [Data were compiled 
from Neu et al. (1985) and Kroemer et al. (1988b,c).] 

bJCosegregation of the respective parameters. 
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and MHC-linked immune response genes (Haila, 1988). The question 
remains as to why aberrations that appear to have little, or even no, 
apparent influence on the development of SAT, e.g., the abnormal iodine 
metabolism of the OS, are found in all 0s sublines. A speculative 
explanation for this observation would be that these features once con- 
tributed as coetiological factors to SAT and that, as reported for the 
female sex, their pathogenetic role has been superceded in importance 
by other factors during the three-decade selection process to which this 
closed-bred chicken strain has been subjected. 

We have therefore put forward the concept that the genes involved 
in the genetic control of SAT can be divided into two categories: essen- 
tial and modulating genes (Wick et al . ,  1987; Haila, 1988). From our 
last experiments, discussed in this section (Kroemer et al., 1989a), it is 
evident that we are not yet able to identify the essential genes. The majority 
of all analyzed traits characteristic for the 0s chicken seem to depend 
on the activity of modulating genes. The classical example of such a 
modulating factor is sex. In the 0s chicken, in which thyroid infiltra- 
tion already occurs 2 weeks after hatching, sex is now without any 
apparent influence. However, in an inbred population of chickens (Cole, 
1966) or in humans (i.e., patients with Hashimoto disease) a strong 
prevalence for females exists. 

IX. Conclusion 

0s chickens already develop SAT during the first few weeks of life. 
This disease closely resembles human Hashimoto thyroiditis with respect 
to clinical symptoms, histopathology, and cellular and humoral immune 
function. Thyroid glands of 0s chickens become severely infiltrated by 
mononuclear cells and the occurrence of numerous germinal centers is 
a characteristic histological hallmark of the disease. Autoimmune thyroid 
destruction leads to thyroid hormone deficiency that entails the develop- 
ment of hypothyroid symptoms, such as small body size; massive sub- 
cutaneous and abdominal fat deposits (hence the name); lipid serum; 
long, silky feathers; small combs; cold sensitivity; low fertility; and poor 
hatching ability. Originally, these symptoms were found only in females, 
but after several decades of selective breeding, both sexes are now affected 
to the same extent. The hypothyroid state of these birds necessitates 
thyroid hormone supplementation for successful breeding and propaga- 
tion of the strain. 

The serum of 0s chickens contains AAbs to Tg, microsomal antigens, 
and T3 and T4. Tg-AAb formation is not due to polyclonal activation, 
but requires the presence of the autoantigen. The infiltrated thyroid 
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itself has been identified as the major Tg-AAb-producing organ and can 
also be the site of the formation of antibodies against exogenous antigens. 
Complement-binding Tg-AAbs are vertically transferred from the mother 
hen via the egg yolk into the newly hatched chick, where they seem to 
play an accelerating role in SAT development. In addition to AAbs 
against thyroid antigens, 0s chickens also produce AAbs against a variety 
of other organ-specific and non-organ-specific antigens, albeit with 
significantly lower frequency and titers, and without concomitant 
histopathological or functional lesions, such as Addison-like disease or 
diabetes mellitus. 

With the advent of appropriate functional in vitro assays for avian 
systems and the development of Mabs against different chicken leukocyte 
markers, the natural history of SAT could be followed more closely. It 
became clear that the first thyroid-infiltrating cells were T cells that 
express a high density of IL-2 receptors. Depletion of peripheral T cells 
by neonatal thymectomy plus injections of turkey anti-chicken T cell 
antibodies (mammalian antibodies are not active in mvo in avian systems) 
prevented Tg-AAb development and thyroid infiltration. Together with 
the demonstration of Tg-specific cytotoxic T cells and the successful 
elicitation of thyroiditis in histocompatible CS recipients by transfer of 
B cell-depleted 0s TILs, these results proved the essential primary 
role of T cells in SAT development. Further functional studies revealed 
a general hyperreactivity of the 0s immune system against autoantigens, 
and also against exogenous antigens, such as xenogeneic RBCs and b u s  
sarcoma virus-induced tumors, as well as the T cell mitogens Con A 
and PHA. This hyperreactivity is reflected by a significantly higher pro- 
duction of IL-2 by 0s PBLs and spleen cells as compared to various 
normal strains. Together with the results of genetic experiments that 
showed a positive correlation between 0s IL-2 hypersecretion and thyroid 
infiltration, these observations prompted us to postulate an important 
role for increased IL-2 production in the etiopathogenesis of SAT. In 
addition to lymphoid cells, 0s macrophages also reveal signs of hyper- 
reactivity, such as an elevated oxidative burst activity. 

Coculture experiments of autologous thymus cells and PBLs demon- 
strated a suppressor defect in the 0s thymus as a factor intrinsic to the 
immune system that significantly contributes to the overall immunological 
hyperreactivity in this strain. It has been hypothesized that a signifi- 
cant deficiency of TNCs in 0s chickens may be relevant for the observed 
altered immunoregulation. TNCs are large complexes consisting of single 
thymic epithelial cells that contain several intact thymocytes enclosed 
within membrane-lined intracytoplasmic vacuoles, where they may 
undergo the MHC self-recognition process. 
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In addition, factors extrinsic to the immune system that also affect 
immunoregulation have been found to be altered in the 0s. Thus, 0s 
chickens display a significantly decreased glucocorticoid tonus due to 
an increased serum concentration of corticosteroid-binding globulin and 
therefore markedly decreased free, metabolically active glucocorticoids. 
Furthermore, 0s chickens show a malfunctioning immunoendocrine 
feedback loop in the sense that injections of SRBCs or conditioned media 
from mitogen-stimulated spleen cells do not result in the normally occur- 
ring surge of CN in the blood. This disturbed endogenous glucocor- 
ticoid response, which is mainly, but not exclusively, mediated by the 
action of IL-1 via the hypothalamic-pituitary-adrenal axis, is due neither 
to a deficiency or functional abnormality of IL-1 nor to altered ACTH 
release by the pituitary or an insufficient adrenal response. This inter- 
esting immunoendocrine defect has so far been localized to an altered 
responsiveness of the hypothalamus to peripheral stimuli, or of the pitu- 
itary to corticotropin-releasing factor. 

The 0s model has been proven to serve as an apt subject for the assess- 
ment of the therapeutic effects of new immunosuppressive drugs, notably 
steroid hormone analogs. 

Transfer experiments and cross-breeding studies between 0s and the 
highly inbred normal CB strain revealed that both the autoimmune 
hyperreactivity and a primary, genetically determined target organ 
susceptibility are required for fully blown SAT. Various functional abnor- 
malities of 0s thyroid glands were demonstrated, such as increased 1311 
uptake preceding thyroid infiltration, autonomous thyroid function not 
suppressible by high doses of T4, and a decreased growth rate of 0s TECs 
in vitro with insufficient release of growth-promoting autocrine factors. 
However, although these abnormalities may contribute to SAT severity, 
none of them seems to be essential for SAT development. Further 
investigations of possible etiological factors have not revealed any abnor- 
mality of 0s Tg. Furthermore, no primary aberrant expression of MHC 
class I1 antigens on 0s TECs was found. 0s TECs do, however, show 
a lower threshold for y-interferon-induced MHC class I1 expression than 
do those of normal chickens. This lower threshold was found for thyroid 
cells but not for similarly treated cell suspensions from other organs, 
i.e., the adrenal gland and the kidney. 

Studies of the possible role of viruses led to the discovery of a new 
endogenous virus locus (ev 2 2 )  that seems to be specific for the 0s. The 
presence of this ev 22 band in Southern blots of 0s DNA digests cor- 
relates significantly with the decreased CN response to conditioned media 
injections. Whether this correlation has any pathophysiological 
significance remains to be elucidated. 

Genetic analyses aimed at identifying the number and the nature of 
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genes contributing to SAT led to the hypothesis of essential and 
modulating genes. Statistical analyses of SAT frequency in the offspring 
of crosses between 0s and CB chickens point to the existence of a single, 
essential recessive autosomal “thyroid susceptibility” gene that has not 
been identified so far. Up to now, we were not yet able to identify the 
modulating genes, although possible candidates might be those regulating 
CBG levels and T cell hyperresponse. Other genes that may exert a 
modulating effect to different degrees are those determining macrophage 
hyperfunction; ev 22, which cosegregates with the altered glucocorticoid 
response to cytokines in mvo, the altered iodine metabolism of the thyroid; 
and MHC-linked immune response genes. 
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natural killer cells and, 298 
immune response, 405, 407-409 

antimicrobial activity, 286, 287 
effector mechanisms, 237, 248 
morphology, 218 
surface phenotype, 207 

Glycosylation, immunoglobulin E biosyn- 
thesis and, 16, 17, 20, 23, 25, 26 

Glycosylation-enhancing factor, immuno- 
globulin E biosynthesis and, 32, 36, 38 

binding factors, 23, 25, 26, 27 
Glycosylation-inhibiting factor, immuno- 

globulin E biosynthesis and, 32-39 
binding factors, 23-27 

Golgi apparatus, natural killer cells and, 

Graft-versus-host disease 
214, 216, 303 

CD5 B cell and, 129, 130 
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natural killer cells and. 231, 280-282 
spontaneous autoimmune thyroiditis and, 

455, 474, 482, 483 

H 

Hay fever, immunoglobulin E biosynthesis 
and, 1, 28 

Hemagglutinin, spontaneous autoimmune 
thyroiditis and, 435, 445, 488, 489 

Hematopoietic cells 
HIV infection and, 395 
natural killer cells and, 187, 198, 303 

differentiation, 233 
effector mechanisms, 235 
malignant expansion, 228 
surface phenotype, 201, 212 

HNK-1, natural killer cells and, 291, 292 
CNS, 266 
differentiation, 234 
effector mechanisms, 257 
genetic control, 222 
hematopoiesis, 275 
malignant expansion, 226 
morphology, 218 
surface phenotype, 206, 207 
tissue distribution, 221 

Homologous restriction factor, natural 

Hormones 
killer cells and, 252, 254 

natural killer cells and, 299 
reproduction, 269, 270 

spontaneous autoimmune thyroiditis and, 
491, 493 

altered thyroid function, 456, 461 
cellular immune reactions, 450 
clinical symptoms, 439 
disturbed immunoregulation, 476, 

potential effector mechanisms, 465 
Human immunodeficiency virus, 377, 378, 

480, 481 

411-414 
etiological agent, 378 

genome, 380-384 

life cycle, 379, 380 
immune response, 405 

cellular response, 409-411 
humoral response, 405-409 

HIV-2, 384, 385 

immunoglobulin E biosynthesis and, 22 

immunopathogenic mechanism, 397 
activation, 398-403 
CD4 cell depletion, 386-389 
CDCHIV interaction, 385, 386 
macrophages, 392-395 
monocytes, 392-395 
precursor cells, 395-397 
T4 cells, 389-392 

natural killer cells and, 302, 303 
neuropsychiatric manifestations 

brain, 403, 404 
mechanisms, 404, 405 

cells and, 198, 223 

(HTLV), HIV infection and 

Human leukocyte antigen, natural killer 

Human T cell leukemia lymphoma virus 

etiological agent, 378 
immunopathogenic mechanism, 388, 391, 

393, 400, 402 
Human T lymphotropic virus (HTLV) 

immunoglobulin E biosynthesis and, 21 
natural killer cells and, 229 

Humoral immune reactions, spontaneous 

Humoral mechanisms, spontaneous 

Humoral response, HIV infection and, 

Hybridization 

autoimmune thyroiditis and, 444449,491 

autoimmune thyroiditis and, 465-470 

405-410 

antigen-presenting cells and, 65-67, 70, 

CDS B cell and, 134 
immunoglobulin E biosynthesis and, 17 
natural killer cells and 

genetic control, 223 
hematopoiesis, 273, 274, 280 
surface phenotype, 204, 209 

altered thyroid function, 462 
genetics, 483, 484, 486-491 

71, 87 

spontaneous autoimmune thyroiditis and 

Hybridomas 
antigen-presenting cells and, 65, 68-70, 77 

antigen processing, 87 
T cells, 86, 93 

Ig gene expression, 151, 152, 156 
physiology, 133-135, 138 

CD5 B cell and, 159 

HIV infection and, 391 
immunoglobulin E biosynthesis and 

antibody response, 8, 32, 33, 35-39 
binding factors, 13, 15, 17, 18, 21, 25-27 
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Hydroxyurea, natural killer cells and, 230, 

Hyperlipidemia, spontaneous autoimmune 

Hypersensitivity, antigen-presenting cells 

Hypothalamus, natural killer cells and, 266 
Hypothyroidism, spontaneous autoimmune 

231, 283 

thyroiditis and, 440 

and, 104, 105 

thyroiditis and 
altered thyroid function, 456 
breeding, 435-437 
clinical symptoms, 438 
disturbed immunoregulation, 470 
histopathology, 442, 444 

I 

Ia molecules, immunoglobulin E 

Immunization 
biosynthesis and, 9, 23, 27 

antigen-presenting cells and, 67, 72, 86, 94 
HIV infection and, 407-410 
immunoglobulin E biosynthesis and 

antibody response, 2-6, 8, 9 
antibody response suppression, 

binding factors, 14, 15, 23 
30-32, 36 

natural killer cells and, 282, 292, 293 
spontaneous autoimmune thyroiditis 

and, 433 
Immunofluorescence 

CD5 B cell and, 118 
Ig gene expression, 153, 157 
lineage, 129 
marker for activation, 127 

immunoglobulin E biosynthesis and, 4, 8, 

natural killer cells and, 211 
spontaneous autoimmune thyroiditis and, 

19, 21 

445, 446, 462 
Imrnunogeneity, antigen-presenting cells 

Immunoglobulin, see also specific 
and, 101-105 

immunoglobulin 
antigen-presenting cells and 

antigen presentation, 66-70 
antigen processing, 89, 90 
cell surface, 62-64 
immunogeneity, 103 

interaction with T cells, 93 
tissue distribution, 47 

CD5 B cell and, 161, 162 
gene expression, 150-159 
genetic influence, 148 
lineage, 128 
malignancies, 123 
physiology, 137, 138, 140-142 
surface antigen, 143, 146 

HIV infection and, 390, 406, 408 
natural killer cells and, 203, 292-294 
spontaneous autoimmune thyroiditis and 

altered thyroid function, 458 
cellular immune reactions, 452 
histopathology, 440 
humoral immune reactions, 445, 

potential effector mechanisms, 469 
446, 448 

Immunoglobulin A 
antigen-presenting cells and, 52, 53 
biosynthesis and, 7, 19 
CD5 B cell and, 138 

antigen-presenting cells and, 48 
biosynthesis and, 7, 19 
CD5 B cell and, 121, 122 

Immunoglobulin D 

Immunoglobulin E, antigen-presenting cells 

Immunoglobulin E biosynthesis, 1 
and, 63 

antibody response, 1-3 
B cells, 7-12 
T cells, 8, 10-12 
in vitro, 3-7 

anti-IL4, 31 
antigens, 28-30 

interferon?, 31, 32 
T cell hybridomas, 36-39 

biological activities, 12-15 
FceRII structure, 19-22 
formation, 22-28 
physicochemical properties, 15-19 

antibody response suppression, 28 

GIF, 32-35 

binding factors 

Immunoglobulin E-potentiating factor, 5 
Immunoglobulin G 

antigen-presenting cells and, 62, 67, 85 
biosynthesis and 

antibody response, 2-11, 31, 32 
binding factors, 12, 19, 27 

CD5 B cell and, 132, 134, 136, 144 
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natural killer cells and, 189, 293 
cell-mediated cytotoxicity, 190, 196 
cytotoxicity, 249, 256 
effector mechanisms, 237, 243-245, 

malignant expansion, 227 
surface phenotype, 201, 202, 212 

247, 248 

Immunoglobulin H, CD5 B cell and, 129, 161 
Immunoglobulin M 

antigen-presenting cells and, 48, 85 
biosynthesis and, 4, 6, 7, 9-11 
CD5 B cell and, 129 

physiology, 130-133, 135, 136 
natural killer cells and, 207, 292, 293 

Infectious mononucleosis, natural killer 

Inhibition 
cells and, 224 

antigen-presenting cells and, 69, 77 
CD5 B cell and, 161 
HIV infection and 

etiological agent, 379 
immune response, 406, 408 
immunopathogenic mechanism, 386, 

390-392, 394, 395 
immunoglobulin E biosynthesis and 

antibody response, 7, 9, 33, 39 
binding factors, 12. 19, 23-25 

adaptive immunity, 291-294 
antimicrobial activity, 284, 287-290 
CNS, 268, 269 
cytotoxicity, 249, 253, 254, 257, 259 
effector mechanisms, 237, 238, 240, 

hematopoiesis, 273, 274, 276-280 
morphology, 218 

spontaneous autoimmune thyroiditis 

natural killer cells and, 298 

242, 243, 245-247 

and, 477 
Insulin, spontaneous autoimmune 

Integrins, antigen-presenting cells and, 61, 97 
Interdigitating cell, antigen-presenting cells 

Interferon, see also specific interferon 

thyroiditis and, 440 

and, 50-52 

HIV infection and, 394, 402 
natural killer cells and 

adaptive immunity, 291, 293-295 
alterations, 300, 301, 303 
antimicrobial activity, 283-290 
antitumor activity, 295, 298 
cell-mediated cytotoxicity, 195, 196 

CNS, 269 
congenital defects, 225, 226 
cytotoxicity, 250, 251, 254-260, 262 
differentiation, 229, 233, 234 
effector mechanisms, 235, 237, 238, 

genetic control, 222-224 
hematopoiesis, 274, 277-280, 283 
identification, 198 
lymphokines, 264-266 
reproduction, 271 
surface phenotype, 201 
tissue distribution, 219 

241-244 

spontaneous autoimmune thyroiditis 

altered thyroid function, 461-463 
disturbed immunoregulation, 472, 477 

Interferona, immunoglobulin E biosynthesis 
and, 9 

Interferon7 

and, 493 

antigen-presenting cells and, 59, 83, 97 
immunoglobulin E biosynthesis and 

antibody response, 9, 10, 12, 31, 32 
binding factors, 22-24 

Interleukin-l 
antigen-presenting cells and, 64,99-101, 103 
CD5 B cell and, 142, 143, 145, 146 
HIV infection and, 394, 404 
immunoglobulin E biosynthesis and, 22 
natural killer cells and, 233, 262, 266 
spontaneous autoimmune thyroiditis and, 

477, 478, 493 
Interleukin-2 

antigen-presenting cells and, 75 
cell surface, 63-65 
T cells, 84, 86, 100 
tissue distribution, 53, 55  

CD5 B cell and, 144, 145, 161 
HIV infection and, 390, 392, 398, 399, 411 
immunoglobulin E biosynthesis and 

antibody response, 10, 11, 36, 37 
binding factors, 22 

natural killer cells and, 189, 292 
adaptive immunity, 294, 295 
antitumor activity, 295, 296, 298 
cell-mediated cytotoxicity, 196 
congenital defects, 226 
cytotoxicity, 250, 252, 253, 257-262 
differentiation, 231-234 
effector mechanisms, 235, 237, 238, 

242-244, 247 
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genetic control, 222, 223 
hematopoiesis, 280 
identification, 199 
lymphokines, 264, 265 
malignant expansion, 228 
surface phenotype, 206, 207, 209 
tissue distribution, 221 

spontaneous autoimmune thyroiditis 
and, 492 

altered thyroid function, 461 
cellular immune reactions, 454-456 
disturbed immunoregulation, 

genetics, 488 
histopathology, 442 
humoral immune reactions, 446 

471-474,479 

Interleukin-3 
immunoglobulin E biosynthesis and, 10,22 
natural killer cells and, 232, 233, 266, 

277, 278 
Interleukin-4 

antigen-presenting cells and, 75, 84, 100 
cell surface, 59, 63, 64 
immunogeneity, 103 

CD5 B cell and, 120 
immunoglobulin E biosynthesis and 

antibody response, 6-12, 31 
binding factors, 13, 21-23 

natural killer cells and, 233, 262 

antigen-presenting cells and, 63, 64, 103 
immunoglobulin E biosynthesis and, 9, 10 

antigen-presenting cells and, 64, 100, 103 
HIV infection and, 403, 404 

Iodine, spontaneous autoimmune thyroiditis 

altered thyroid function, 456, 459, 460 
genetics, 487-490 

Irradiation, natural killer cells and, 291, 295 
differentiation, 229-232 
effector mechanisms, 260, 261 
hematopoiesis, 273, 274, 276 

Interleukin-5 

Interleukin-6 

and 

K 

Kallikrein, immunoglobulin E biosynthesis 

Keyhole limpet hemocyanin 

T cells, 86, 97, 99 

and, 25 

antigen-presenting cells and, 66, 69, 70 

HIV infection and, 400 
immunoglobulin E biosynthesis and, 6, 

14, 34, 35 
Kidney 

antigen-presenting cells and, 76 
CD5 B cell and, 134 
immunoglobulin E biosynthesis and, 16 
natural killer cells and, 187, 282 
spontaneous autoimmune thyroiditis and, 

462, 493 

1 

Laminin, natural killer cells and, 246 
Langerhans cells, antigen-presenting cells 

and, 71-73, 75 
antigen processing, 90-92 
APC-T cell binding, 96, 97 
cell surface, 57, 59, 62, 63 
immunogeneity, 102 
interaction with T cells, 94 
T cell growth, 100 
tissue distribution, 50, 51, 53-57 

Large granular lymphocyte, 188, 222, 
283, 295 

congenital defects, 226 
cytotoxicity, 250, 253, 257 
differentiation, 231, 234 
effector mechanisms, 248 
hematopoiesis, 275, 276, 278 
identification, 197-199 
lymphokines, 262, 263 
malignant expansion, 226-228 
morphology, 214, 216-218 
reproduction, 271 
surface phenotype, 204, 205, 208, 211, 213 
tissue distribution, 219-221 

Large granular lymphocyte lymphocytosis, 

Lectin 
221-229, 275, 276, 279 

antigen-presenting cells and, 99, 100 
immunoglobulin E biosynthesis and, 

natural killer cells and, 241, 250, 261, 286 
spontaneous autoimmune thyroiditis and, 

15-20 

470, 471 
Lentivirus, HIV infection and, 395, 411 

Leu-7 antigen, natural killer cells and, 275, 
etiological agent, 378, 384, 385 

291, 292 
CNS, 266 
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congenital defects, 225 
differentiation, 234 
genetic control, 222 
malignant expansion, 226 
morphology, 218 
surface phenotype, 206, 207 
tissue distribution, 220, 221 

Leu-19 antigen, natural killer cells and, 289, 
293, 294, 302 

CNS, 266, 267 
differentiation, 233, 234 
reproduction, 271 
surface phenotype, 205, 206 

CD5 B cell and, 123, 124 
Leukemia 

bone marrow transplantation, 129, 130 
Ig gene expression, 153, 154, 156, 157 
physiology, 136, 140, 141, 143 
surface antigen, 147 

immunoglobulin E biosynthesis and, 20 
natural killer cells and, 190, 199, 298 

congenital defects, 227 
differentiation, 231 
effector mechanisms, 238, 262 
hematopoiesis, 276, 277 
malignant expansion, 226 
surface phenotype, 205 

Leukocyte common antigen, antigen- 
presenting cells and, 60, 61 

Leukocytes 
antigen-presenting cells and, 76 

APC-T cell binding, 97 
cell surface, 61, 63 
tissue distribution, 48, 51, 53 

CD5 B cell and, 145 
HIV infection and, 400 
natural killer cells and, 188, 189, 295 

effector mechanisms, 243, 263 
genetic control, 222 
surface phenotype, 201, 208 

spontaneous autoimmune thyroiditis 
and, 492 

Ligands 
antigen-presenting cells and, 64, 65, 68, 

69, 87 
antigen processing, 88, 89, 92 
cell surface, 61 
T cells, 94-96, 101 

CD5 B cell and, 146 
HIV infection and, 391 
natural killer cells and, 221, 247, 265 

Light microscopy, antigen-presenting cells 

Lipid 
and, 51, 52 

antigen-presenting cells and, 65 
HIV infection and, 387 
natural killer cells and, 217 
spontaneous autoimmune thyroiditis and, 

Lipocortin, immunoglobulin E biosynthesis 
and, 24, 25, 38 

Lipopolysaccharide 

439, 491 

antigen-presenting cells and, 68, 70, 76, 80 
antigen processing, 89, 90, 92 
cell surface, 57, 59, 61-63 
immunogeneity, 104 
tissue distribution, 49 

anatomic localization, 121 
marker for activation, 126 
physiology, 133-135, 142, 143 

CD5 B cell and, 159 

HIV infection and, 402 
immunoglobulin E biosynthesis and, 6, 8, 

natural killer cells and, 289 
spontaneous autoimmune thyroiditis 

9, 11 

and, 474 
Liver 

CD5 B cell and, 141, 158 
natural killer cells and, 283, 296, 297 

genetic control, 222 
hematopoiesis, 276 
tissue distribution, 220, 221 

Long terminal repeats 
HIV infection and 

etiological agent, 380, 382, 385 
immunopathogenic mechanism, 

spontaneous autoimmune thyroiditis 
399-402 

and, 464 

cells and, 89 

biosynthesis and 

Low-density lipoprotein, antigen-presenting 

Lymph node cells, immunoglobulin E 

antibody response, 3-5 
binding factors, 12, 14, 16, 17 

antigen-presenting cells and, 65, 71-73, 76 
Lymph nodes 

immunogeneity, 102 
T cells, 85, 94 
tissue distribution, 50-52, 54, 55 

HIV infection and, 410 
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natural killer cells and, 211, 219, 220, 

Lymphoblasts, see also B lymphoblasts; 
228, 298 

T lymphoblasts 
antigen-presenting cells and, 94, 96, 103 
natural killer cells and, 231 
spontaneous autoimmune thyroiditis 

and, 469 
Lymphocyte choriomeningitis virus, natural 

killer cells and, 244, 245, 283, 284 
Lymphocytes, see also specific lymphocyte 

antigen-presenting cells and, 65, 91, 

CD5 B cell and, 117, 118, 149, 150, 153, 

bone marrow transplantation, 130 
lineage, 128, 129 
malignancies, 123 
marker for activation, 125, 126 
ontogeny, 121, 122 
physiology, 135, 137-139 
surface antigen, 143-145 

immune response, 410, 411 
immunopathogenic mechanism, 390, 

95, 105 

157, 161 

HIV infection and 

392, 393, 397, 398, 400 
immunoglobulin E biosynthesis and 

antibody response, 3-8, 11 
antibody response suppression, 33, 38 
binding factors, 13, 14, 19-22, 24, 25 

adaptive immunity, 291 
alterations, 302 
antimicrobial activity, 289 
antitumor activity, 297, 299 
cell-mediated cytotoxicity, 190, 194-196 
congenital defects, 224-226 
cytotoxicity, 252-255, 257, 258, 260, 261 
differentiation, 230, 231, 234 
effector mechanisms, 243, 246 
genetic control, 222, 223 
hematopoiesis, 272-274, 276, 280, 282 
identification, 197, 199 
malignant expansion, 226 
morphology, 214, 216 
reproduction, 270 
surface phenotype, 201, 205-207, 

tissue distribution, 219, 220 

altered thyroid function, 456, 462 

natural killer cells and, 187-189 

209-213 

spontaneous autoimmune thyroiditis and 

cellular immune reactions, 451, 453, 455 
disturbed immunoregulation, 470-472, 

genetics, 487 
potential effector mechanisms, 466, 

467, 469 

CD5 B cell and, 125 
HIV infection and, 382, 388 
immunoglobulin E biosynthesis and, 11 
natural killer cells and, 188, 221 
spontaneous autoimmune thyroiditis and, 

474, 477, 481 

Lymphoid cells 

435, 491 
cellular immune reactions, 454 
disturbed immunoregulation, 475, 

histopathology, 440, 442, 443 

antigen-presenting cells and, 104 

476, 481 

Lymphoid organs 

APC-T cell binding, 95 
immunogeneity, 102, 103 
interaction with T cells, 82-84 
tissue distribution, 50-52 

CD5 B cell and, 122 
natural killer cells and, 211, 266 
spontaneous autoimmune thyroiditis and 

cellular immune reactions, 449, 450 
disturbed immunoregulation, 477 
histopathology, 444 
humoral immune reactions, 446, 447 
potential effector mechanisms, 469 

Lymphokine-activated killer cells, 188, 259, 
260, 296 

Lymphokines 
antigen-presenting cells and, 75, 80, 87 

cell surface, 63 
immunogeneity, 103, 104 
T cells, 83, 84, 99-101 

antibody response, 7-11 
antibody response suppression, 32, 

binding factors, 12, 22-28 

differentiation, 233 
effector mechanisms, 235, 262-266 
morphology, 216 
reproduction, 271 
tissue distribution, 220 

immunoglobulin E biosynthesis and 

33, 39 

natural killer cells and, 189, 289, 290, 293 

spontaneous autoimmune thyroiditis and, 
472, 473, 477 
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Lymphoma 
CD5 B cell and, 123-125 

natural killer cells and, 190, 228 

immunoglobulin E biosynthesis and, 10 
natural killer cells and, 278, 279 

antigen-presenting cells and, 52 
natural killer cells and, 214, 218, 225, 238 

Ig gene expression, 150-152, 155, 156 

Lymphotoxin 

Lysosomes 

M 

Macrophages 
antigen-presenting cells and, 68, 80, 104 

antigen processing, 89, 90 
cell surface, 61, 62 
immunogeneity, 103, 104 
interaction with T cells, 93, 94 
T cell, 86, 95, 97, 99 
tissue distribution, 48, 51, 54, 55 

CD5 B cell and, 120-122, 132 
HIV infection and, 413 

activation, 400, 402 
immunopathogenic mechanism, 

neuropsychiatric manifestations, 404 

antibody response suppression, 30, 33, 

binding factors, 20, 21, 27 

congenital defects, 224 
differentiation, 229 
effector mechanisms, 235, 237, 262, 

263, 265, 266 
hematopoiesis, 274, 278 
identification, 296 
malignant expansion, 228 
reproduction, 270 
surface phenotype, 201, 202, 211-213 
tissue distribution, 220 

spontaneous autoimmune thyroiditis and, 
492, 494 

disturbed immunoregulation, 475, 476 
genetics, 488 
histopathology, 440, 442 
potential effector mechanisms, 467, 468 

250 

392-397 

immunoglobulin E biosynthesis and 

36, 37 

natural killer cells and, 189, 288-290 

Magnesium, natural killer cells and, 249, 

Major histocompatibility complex 
antigen-presenting cells and, 45, 47, 87, 

104, 105 
antigen presentation, 64, 66-69, 71-73, 

antigen processing, 87-89, 91, 92 
APC-T cell binding, 95-97, 99 
cell surface, 57-60 
immunogeneity, 103 
T cells, 82, 83, 85, 101 
tissue distribution, 51-54 

CD5 B cell and, 137, 142, 160 
HIV infection and, 380, 411 

389, 391, 392 

75-80 

immunopathogenic mechanism, 386, 

immunoglobulin E biosynthesis and 
antibody response, 2, 29, 33 
binding factors, 25, 27 

natural killer cells and, 187, 188, 292 
cytotoxicity, 190 
effector mechanisms, 239, 240, 242, 

surface phenotype, 201, 211 
257, 259, 261 

spontaneous autoimmune thyroiditis and, 
435, 491, 493, 494 

breeding, 436-438 
effector mechanisms, 467, 469 
function, 459, 461, 462, 464 
genetics, 481-491 
immune reactions, 450, 455 
immunoregulation, 470-472, 476, 477 

globulin E biosynthesis and 
antibody response, 3-5 
binding factors, 12, 14, 16, 17 

natural killer cells and, 214 
spontaneous autoimmune thyroiditis and, 

Mesenteric lymph node cells, immuno- 

Mitochondria 

442,448 
Mitogens 

antigen-presenting cells and, 71, 73, 100 

CD5 B cell and, 140, 142, 147 
HIV infection and, 390, 391, 398, 399 
natural killer cells and, 206, 261, 264 
spontaneous autoimmune thyroiditis and, 

cellular immune reactions, 452, 456 
disturbed immunoregulation, 470-474, 

476 
genetics, 488 

tissue distribution, 54 

491, 493 
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potential effector mechanisms, 467 
Mixed leukocyte cultures, natural killer cells 

and, 295 
Mixed-leukocyte reaction, antigen-presenting 

cells and, 65, 71-73, 75, 76, 78-80 
APC-T cell binding, 95, 97, 99 
cell surface, 59, 61 
T cell, 83, 84, 99 
tissue distribution, 48, 49, 53, 54 

antigen presentation, 64, 76-79 
APC-T cell binding, 95, 99 

antigen-presenting cells and, 70, 76, 77, 96 

Mls antigens, antigen-presenting cells and, 47 

Monoclonal antibodies 

cell surface, 58, 60-62 
tissue distribution, 50, 51, 53 

genetic influence, 143-147 
Ig gene expression, 153, 155 
physiology, 133, 134 
primordial immune network, 160 

HIV infection and, 386 
immunoglobulin E biosynthesis and 

antibody response, 8, 31, 33-35 
binding factors, 16, 18-22, 24, 27 

natural killer cells and, 198, 296 
congenital defects, 224, 225 
differentiation, 233 
effector mechanisms, 243, 258 
hematopoiesis, 278, 279 
surface phenotype, 200, 201, 205, 207, 

tissue distribution, 219, 220 

CD5 B cell and, 117 

208, 210, 211 

spontaneous autoimmune thyroiditis 

altered thyroid function, 460-462 
cellular immune reactions, 454, 455 
disturbed immunoregulation, 472, 479 
histopathology, 442 
potential effector mechanisms, 466 

and, 435 

Monocytes 
CD5 B cell and, 142 
HIV infection and 

activation, 400, 402, 403 
immunopathogenic mechanism, 

neuropsychiatric manifestations, 404 
392-397 

spontaneous autoimmune thyroiditis 

Monocytoids, CD5 B cell and, 141-143 
and, 475 

Morphine, natural killer cells and, 268 
Morphology 

HIV infection and, 378 
natural killer cells and, 214-218, 292 

antimicrobial activity, 283, 290 
cytotoxicity, 249, 250, 253, 256, 258 
differentiation, 234 
hematopoiesis, 275, 281 
identification, 197, 198 
malignant expansion, 226, 227 
reproduction, 271 
surface phenotype, 210, 213 
tissue distribution, 219, 220 

spontaneous autoimmune thyroiditis and, 
444, 467, 472 

mRNA 
CD5 B cell and, 147 
HIV infection and, 380. 381, 392, 397 
immunoglobulin E biosynthesis and, 16 
natural killer cells and, 210, 246, 254, 

Multiple sclerosis, natural killer cells and, 
301, 302 

Mutagenesis 

263, 265, 266 

HIV infection and, 386 
spontaneous autoimmune thyroiditis 

and, 464 
Mutation 

antigen-presenting cells and, 80, 103 
CD5 B cell and, 132, 146, 154, 155 
HIV infection and 

etiological agent, 381, 383 
immune response, 408 
immunopathogenic mechanism, 388, 

400 

16, 38 
immunoglobulin E biosynthesis and, 

natural killer cells and, 225 

N 

Natural cytotoxic cells, 213, 286 
Natural killer cell cytotoxic factor, 241, 250, 

251, 253, 262, 302 
Natural killer cells, 187-189 

adaptive immunity 
B cell response, 291-294 
T cell response, 294, 295 

alterations, 300-303 
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antimicrobial activity 
antiviral activity, 282-288 
infection, 288-291 

cancer patients, 297-300 
experimental animals, 295, 296 

cell-mediated cytotoxicity, 189-196 

congenital defects, 224-226 
differentiation, 229-234 
effector mechanisms, 234, 235 

cytotoxicity, 248-254 
lymphocyte production, 262-266 
receptors, 242-248 
regulation, 254-262 
target cells, 235-242 

genetic control, 222-224 
hematopoiesis, 272, 273 

graft-versus-host reaction, 280-282 
inhibition, 276, 277 
regulation, 273-276 
soluble factors, 277-280 

HIV infection and, 411 
identification, 196-199 
malignant expansion, 226-229 
morphology, 214-218 
reproduction, 269-272 
surface phenotype, 199-201, 207, 208 

antitumor activity 

CNS, 266-269 

experimental animals, 210-214 
FcR antigen, 201-205 

NKH-I antigen, 205, 206 
T cell-associated antigens, 208-210 

tissue distribution, 219-221 
Negative regulatory element, HIV infection 

and, 381, 382 
Neurological abnormalities, HIV infection 

and, 377, 413 
Neuropsychiatric manifestations, HIV 

infection and, 395, 403-405 
Neutralizing antibodies, HIV infection and, 

407, 408, 410, 413 
NKH-1, natural killer cells and, 188, 293, 

294, 302 
CNS, 266, 267 
differentiation, 233, 234 
effector mechanisms, 261 
reproduction, 271 
surface phenotype, 205, 206 
tissue distribution, 219, 220 

HNK-1, 206, 207 

Nucleotides 
CDS B cell and, 144 
HIV infection and, 383, 384 
immunoglobulin E biosynthesis and, 16, 20 
natural killer cells and, 202, 252 

0 

Obese strain chickens, spontaneous 
autoimmune thyroiditis in, see 
Spontaneous autoimmune thyroiditis 

Oligosaccharides, immunoglobulin E 
biosynthesis and, 16, 18, 19, 23 

Opiods, natural killer cells and, 268, 269 
OVA, immunoglobulin E biosynthesis and 

antibody response, 8 
antibody response suppression, 29, 30, 
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