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Preface

Information about histocompatibility antigens is expanding so rapidly that
it is difficult to remain abreast of all advances. In these volumes, we have
made an effort to bring together the most current work on topics that have
generated most of the recent advances and discussions. We have asked
each author to present and interpret his most current work, and we have
judiciously refrained from imposing our own prejudices and viewpoints.
Although there is obvious overlap in some individual topics, we have
encouraged this to provide the reader with as many different and some-
times opposing viewpoints as possible. This approach will, we hope, give
a broad overview of current ideas in the field.

We wish to thank all contributors for their timely and exciting manu-
scripts, and we sincerely hope that the reader will benefit from these
volumes.

R.A. Reisfeld

S. Ferrone
La Jolla
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Role of Histocompatibility
Antigens
in Cell—Cell Interaction



Histocompatibility Antigens and the
T-Cell Repertoire

Harald von Boehmer

1. Introduction

Considering the numerous reviews dealing with the major histocompati-
bility complex (MHC) and its influence on T cells, it is not tempting to
write yet another article on the subject. The experimental data that I am
going to summarize are in principle compatible with several theoretical
models. I therefore shall not attempt to discriminate among them. Our
own view has been stated before (von Boehmer et al., 1978b).

2. H-2 Restriction

2.1. H-2 Restriction of T Cells

Cell-surface structures encoded by genes in the MHC influence the
T-cell receptor repertoire: the interaction of T cells with other cells is
restricted by H-2 antigens (Katz et al., 1973a; Rosenthal and Shevach,
1973; Zinkernagel and Doherty, 1974). The cell interactions require an
apparent dual specificity of T cells: one for antigens (x) and one for H-2
antigens (s).

In a normal, nonchimeric animal, the repertoire of H-2 restriction is
mainly directed against self H-2: T-cells from strain a depleted by various
methods of alloreactivity to strain b can respond to antigen x on cells a

Harald von Boehmer e Basel Institute for Inmunology, 4005 Basel 5, Switzerland.
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4 HARALD VON BOEHMER

but not on cells b (Schmitt-Verhulst and Shearer, 1977; von Boehmer et
al., 1978a; Bennink and Doherty, 1978; Sprent, 1978). Exceptions to
these findings have also been reported (Wilson ef al., 1977; Doherty and
Bennink, 1979).

Specificity for allogeneic restriction elements can, however, be
acquired when T-cell differentiation occurs in an X-irradiated semiallo-
geneic host (von Boehmer et al., 1975; Waldmann and Munro, 1975; von
Boehmer and Haas, 1976; Zinkernagel, 1976a; Pfitzenmaier et al., 1976;
Miller et al., 1976). The genotype of the radioresistant portion of the
thymus determines the repertoire of H-2 restriction (phenotype of H-2
restriction) (Zinkernagel, 1978; Bevan and Fink, 1978; Waldmann et al.,
1979) (Table 1). Exceptions to this rule have also been reported (Kindred
and Loor, 1974; Matzinger and Mirkwood, 1978).

The restricting elements recognized by T helper cells are encoded in
the I region (Katz and Benacerraf, 1975) and those recognized by
cytotoxic T lymphocytes (CTL) in the K or D region of H-2 (Doherty et
al., 1976).

2.1.1. The Apparent Dual Specificity of T Cells Is the Result of
Endogenously Produced Receptors

The apparent dual specificity of T cells does not require passive
arming with receptors from other cells (Burnet, 1978): H-2-restricted
CTL specific for male antigen or hapten can be cloned and recloned
under conditions of limiting dilution and grown for several months
without losing their specificity and cytotoxic potential (von Boehmer et
al., 1979). The dual specificity of T cells, therefore, is the result of
endogenous receptor production.

2.1.2. T Cells Unrestricted by Either K, D, or I-region Products

CTL that operate unrestricted by K- or D-region products exist
(Wagner et al., 1975, 1978; Teh et al., 1978; Forman and Flaherty, 1978;

TABLE 1. H-2 Restriction

H-2 genotype of H-2 genotype H-2 phenotype of
T cells* of thymus* restriction*-}
a a a a a+ b—
a b a b a+ b+
a a a b a+ b+
a b a a a+ b—

* (a, b) H-2 alleles.
1 (+) Can or (—) cannot be used as restricting element.
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Klein and Chiang, 1978; Fischer Lindahl, 1979; Kastner and Rich, 1979).
Such unrestricted CTL recognize determinants not encoded in K or D.
It seems, however, that in the majority of cases unrestricted CTL
recognize determinants encoded within or near the MHC. It has been
suggested that such cell-surface structures function as ‘‘transmembrane
signal transmitters’’ (Langman, 1978; Snell, 1978).

No evidence has been reported that T helper cells can function
unrestricted by /-region products. The question whether T-cell interac-
tions with cells expressing allogeneic K, D antigens or T help for B cells
expressing allogeneic /-region antigens is unrestricted cannot be an-
swered because we do not know what H-2 restriction means in molecular
terms. There are, however, several reports that H-2-restricted killer cells
specific for x lyse allogeneic target cells expressing neither x nor the
appropriate restriction element(s) (Bevan, 1977; Finberg et al., 1978). We
found that an H-Y-specific killer-cell clone restricted to D? lysed effi-
ciently male as well as female target cells expressing allogeneic H-2D4
antigens.

2.2. B Cells Are Not H-2-Restricted

Antibodies raised against antigens present on the surface of other
cells are not H-2 restricted. It is clear that the majority of antibodies
specific for cell-surface antigens x (Ly, Thy 1, H-Y, haptens) combine
with such antigens regardless of what H-2 antigens are expressed on the
cells. Thus, putative neoantigens formed by noncovalent association of
H-2 and x have not been defined yet by serology.

3. H-2 Linked Ir Genes

3.1. Influence on the T-Cell Repertoire

H-2 genes control the T-cell repertoire not only for restricting
elements (s), but also for non-H-2 antigens (x). This is referred to as ““H-
2-linked responsiveness.’’ The observation of this phenomenon antedates
that of H-2 restriction. It now seems likely that immune-response (Ir)-
gene products and the restricting elements (s) are identical: T cells
restricted to certain H-2 gene products are able to recognize some but
not other antigens (x). Thus, the repertoire of restriction dictates in some
way the repertoire of x recognition. This is nicely documented in
experiments in which T cells from a responder-strain X nonresponder-
strain F, hybrid collaborate with B cells from the high-responder parental
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strain only. If, however, both parental strains are responders, F, T cells
collaborate with both types of B cells (Katz et al., 1973b). Similar
observations have been made with F; T cells induced to proliferate by
antigen-pulsed parental macrophages (Shevach and Rosenthal, 1973). Yet
another example is the cytotoxic T-cell response to H-Y antigen, in
which the ability of mice to respond is coupled to the repertoire of
restriction (Simpson and Gordon, 1977; von Boehmer et al., 1977). These
experiments, however, could not determine whether the H-2 genotype
of T cells was decisive in determining responsiveness. In fact, in early
experiments when H-2 restriction was not current, it was concluded that
the genotype of T cells and not that of the thymus epithelium determined
responsiveness (Tyan and McDevitt, 1970). In these experiments, low-
responder cells were allowed to differentiate in an animal grafted with a
low- and high-responder thymus graft. Such animals were still low
responders, presumably because T cells restricted to high-responder /-
region determinants could not find appropriate B cells or macrophages to
interact with.

More recent experiments have shown that ‘‘H-2-linked responsive-
ness’’ is independent of the H-2 genotype of the T cells but is dependent
on the phenotype of their restriction: T cells of low-responder genotype,
when differentiated in X-irradiated recipients expressing H-2-gene prod-
ucts of high-responder genotype, acquire concomitantly with a new
repertoire of restriction responsiveness to the antigen X in question
(Table 2) (von Boehmer et al., 1978b; Miller, 1978; Kappler and Marrack,
1978). Ir genes as well as genes encoding restricting elements map in the
I region for T helper cells and in the K or D region for T Kkiller cells
(Katz and Benacerraf, 1975; von Boehmer et al., 1978b).

TABLE 2. H-2-Linked Ir Genes

H-2 genotype H-2 genotype H-2 phenotype Responsiveness to antigens
of T cells* of thymus* of restriction*-f x under Ir-gene control?
a a a a a+ Yes
b— —
a b a b a+ Yes
b+ No
b b a b a+ Yes
b+ No
a b b b a— —
b+ No

* (a) Responder and (b) nonresponder alleles.
t(+) Can or (—) cannot be used as restricted element.
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3.2. H-2-Gene Complementation

3.2.1. T Cells Restricted to la Antigens

Two low-responder strains can complement each other to produce
a high-responder F, hybrid. One extensively studied case is the prolif-
erative T-cell response to GL¢ (Schwartz et al., 1976) or the T-dependent
antibody response to the same antigen (Dorf and Benacerraf, 1975). The
B10 as well as the B10.A strain are both low responders, while the F,
hybrid is a high responder. One of the complementing genes maps in the
IA region, the other in the /E region. All F, hybrids or recombinants
expressing IAP as well as IE¥ are high responders (Table 3). F, high-
responder T cells can be induced to proliferate only by F, high-responder
macrophages, not by macrophages of either parent pulsed with GL¢
(Schwartz et al., 1979). Chimeric mice constructed by injecting equal
proportions of stem cells from both low-responder parental strains into
X-irradiated F, hybrids failed to respond to GL¢, presumably because
F, macrophages were not present (Schwartz et al., 1979). T cells from
such chimeras could be primed by and respond to antigen-pulsed F,
macrophages (Schwartz et al., personal communication). Essentially
identical results were obtained when the T-dependent antibody response
to GL¢ was studied in allophenic mice constructed of two low-responder
strains (Warner et al., 1977). The clue as to what might be so ‘‘special’’
on F, macrophages came from recent experiments by Jones et al. (1978):
Unique /A -encoded specificities were found on cells of (B10 x B10.A)F,
hybrids as well as on cells of the B10.A(5R) recombinant. They were
absent on the surface of cells in either B10 or B10.A mice and required
for their expression on the cell surface an /E*-encoded protein. This
observation fits nicely with experiments demonstrating unique mixed-
lymphocyte reaction (MLR) determinants on (B10 x B10.A)F, hybrid
cells (Fathman and Nabholz, 1977). In the case of the response to GL¢,
it is likely that a unique restricting element on F, hybrid cells is the Ir-
gene product.

3.2.2. Cytotoxic T Cells

A different type of Ir-gene complementation has been found in the
responses of CTL to H-Y antigen. In this type, strains B10.A(5R) and
B10.A both do not generate CTL specific for H-Y, whereas the F, hybrid
does. The genes required map to the left of /B? (presumably IA®) and to
K*. The complementation in this case is not due to the presence of
unique restricting elements on F; hybrid cells, because the K* allele is
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sufficient for expression of the restriction element recognized by CTL
(von Boehmer et al., 1977; Simpson and Gordon, 1977). It appears that
the generation of H-Y-specific CTL requires H-Y-specific T helper cells.
For H-Y-specific T helper cells, a permissive restricting element is
encoded in IA? (von Boehmer et al., 1977), but not in IA¥, whereas for
H-Y-specific CTL, a permissive restricting element is encoded by K¥,
but not by K? or D¢ (von Boehmer et al., 1977; Simpson and Gordon,
1977). It appears that in all homozygous mice tested so far, with one
exception (Simpson and Gordon, 1977), IA? is the only permissive allele
for H-Y-specific help, whereas there are several permissive alleles for H-
Y-specific CTL. It has been postulated that there are several other
permissive alleles for help in (k X d) (k X s) (k X a)F, hybrids as well as
in homozygous H-2mice (Hurme et al., 1978). We have been unable to
confirm these results: the effect of such alleles on the H-Y response is,
according to our results, at least 30- to 100-fold weaker than that of IA®
on the basis of cell input at day 0 of culture. The postulates of distinct
permissive alleles for H-Y-specific T helper cells and H-Y-specific CTL
is consistent with the following experimental evidence: F, T cells of
responder genotype (CBA x B6) that have differentiated from stem cells
in X-irradiated recipients B10.A(5R) (permissive for help but nonpermis-
sive for CTL) or CBA (nonpermissive for help but permissive for CTL)
do not respond to H-Y antigen (von Boehmer ef al., 1978b; von Boehmer
and Haas, 1979) (Table 4). If, however, cells from both types of chimeras
are injected together into X-irradiated (CBA X B6)F, hybrids and primed
by (CBA X B6) male cells, they can complement each other and generate
in culture H-Y-specific CTL restricted to K* (von Boehmer and Haas,
1979). Thus, the complementing Ir genes control two different classes of
T cells required for the CTL response to H-Y.

On the other hand, B10.A(5SR) T cells of nonresponder genotype that
had differentiated in X-irradiated (CBA X B6) recipients of responder
genotype acquired with their ‘‘new’’ repertoire of restriction the ability
to respond to H-Y antigen. CBA T cells of low-responder genotype
differentiated in (CBA X B6) hosts (von Boehmer et al., 1978b) did not,
however, respond to H-Y. This suggested that H-Y-specific CTL must
express [APantigens for interaction with IA®-restricted T helper cells
(von Boehmer et al., 1978b). This concept was originally proposed by
Zinkernagel et al. (1978). Further supportive evidence came from exper-
iments in which the responsiveness to H-Y was tested in chimeras
constructed by injecting B6 as well as CBA stem cells in X-irradiated
(CBA x B6)F, hybrid hosts: all H-Y-specific CTL were of B6 origin,
whereas CTL specific for allogeneic H-2 antigens were derived from both
B6 and CBA (Table 5).
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3.3. The B-Cell Repertoire Is Not Directly Influenced by H-2-Linked
Ir Genes

T-dependent antibody production is indirectly controlled by Ir genes
influencing the repertoire of T helper cells. It appears, however, that in
mice unresponsive to antigen X, antibodies specific for x can be elicited
when x is conjugated to a carrier to which the T cells can respond (Green
et al., 1969; Dunham et al., 1972; Kapp et al., 1973). There is no
evidence for a direct influence of H-2-linked Ir genes on the B-cell
repertoire.

4. Frequency of Cells Specific for Allogeneic H-2 Antigens

4.1. Allospecific T Cells

The frequency of T cells responding to stimulation by allogeneic H-
2 antigens is high: one in 30 lymphocytes from chicken can form pocks
on the chorioallantoic membrane of an allogeneic embryo (Simons and
Fowler, 1966). Similarly, the frequency of T cells able to respond to
allogeneic stimulation by generation of CTL is high: at least one in 1000
lymphocytes from a mouse is able to generate CTL specific for a set of
allogeneic H-2 antigens (Skinner and Marbrook, 1976; Fischer Lindahl
and Wilson, 1977; Teh et al., 1977).

4.2. Allospecific B Cells

The frequency of B cells specific for a set of alloantigens has not
been determined directly. It is, however, more difficult to obtain alloan-
tibodies than allospecific T cells. The reason for this is not clear, but the
difficulty may reflect a lower frequency of allospecific B cells than of
allospecific T cells.

5. T-Cell Repertoire for Restricting Elements vs. the
Repertoire for Allogeneic H-2 Antigens

Several experiments have suggested that the repertoire of T cells for
allogeneic H-2 antigens differs from the repertoire specific for restricting
elements: Cross-reactive lysis was found to differ between allogeneic and
H-2-restricted CTL (Blanden et al., 1976; Zinkernagel, 1976b; Simpson
et al., 1978); for instance, third-party T cells stimulated with cells from
wild-type (H-2% produced cross-reactive lysis on target cells from a
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mutant (H-2K%®), while H-2-restricted CTL from wild-type mice stimu-
lated with syngeneic virus-infected cells lysed only wild-type but not
mutant target cells (Blanden et al., 1976; Zinkernagel, 1976b). H-2-
restricted wild-type CTL induced by syngeneic trinitrophenyl (TNP)-
coupled cells, however, cross-reacted on TNP-coupled mutant targets
(Forman and Klein, 1977). More recent experiments indicate that the
epitope density of x antigens on target cells is an important parameter
for detection of cross-reactive lysis of H-2-restricted CTL: hapten-
specific CTL restricted to K* showed high cross-reactive lysis on densely,
but not sparsely, coupled target cells expressing Ds or D¥ antigens or
antigens encoded in the H-2" haplotype and weak cross-reactive lysis on
densely coupled targets expressing K*®antigens or antigens encoded in
the H-2° or H-2¢ haplotypes (Haas et al., 1979). It was found by other
authors that CTL specific for K alloantigens also produced relatively
strong cross-reactive lysis on targets expressing D* alloantigens (Nabholz
et al., 1974) and D¥* antigens (Fischer Lindahl, personal communication)
or antigens encoded in the H-27 haplotype (Fischer Lindahl et al., 1975).
Thus, more detailed studies are required to decide whether the T-cell
repertoire for restricting elements differs from that for H-2-encoded
alloantigens.

6. T-Cell vs. B-Cell Repertoire

6.1. Probing of the Repertoire by Responsiveness

When the repertoire of T cells and B cells is probed by testing
responses to various antigens in different animals, it is clear that it differs
in T and B cells: (1) Effector T but not B cells are restricted by H-2
antigens. (2) The repertoire of T but not of B cells is influenced by H-2-
linked Ir genes. (3) The frequency of allospecific T cells appears to be
higher than that of B cells.

6.2. Probing of Repertoire by v-Gene Markers on Responding Cells

A series of experiments has indicated that T and B cells use at least
partly similar v-gene products when responding to antigen (x): Antiidi-
otypic antibody could be used to prime T and B cells for a response to
streptococcal carbohydrate (Eichmann and Rajewsky, 1975). T cells from
the primed mice would be entirely inhibited in vitro by the same
antiidiotypic antibodies (Black et al., 1976). Similar observations have
been made when in studies of T- and B-cell responses to phosphorylcho-



14 HARALD VON BOEHMER

line (Cosenza et al., 1976). The expression of idiotype markers was
linked to expression of allotypic markers. Interestingly, idiotypic markers
present on light chains of carbohydrate-specific antibodies could not be
demonstrated on T helper cells (Krawinkel et al., 1976). In fact, it has
been suggested that different subsets of T cells use either Vy- or V-
encoded structures for antigen recognition, while B cells use both (Lonai
et al., 1978). If this were true, it would lead to a vastly different but
partly overlapping repertoire in T and B cells. Binz et al. (1978) have
found allotype-linked idiotypic markers on allospecific T cells. In con-
trast, Bellgrau and Wilson (1979) were unable to demonstrate polymorph-
ism of T-cell receptors specific for a set of alloantigens; i.e., they could
not find evidence for allotype- or H-2-linked idiotypic markers in their
system. The analysis of T-cell idiotypes by serology does not at present
explain the influence of H-2-gene products on the T-cell repertoire, but
it suggests that v-genes contributing to receptors on antigen-specific T
and B cells are encoded on the same chromosome.

7. Conclusions

The apparent dual specificity of T cells is the result of endogenous
receptor production. The repertoire of H-2 restriction of T cells is largely
determined by the H-2 genotype of the radioresistant portion of the
thymus. T cells acquire their repertoire of restriction specificities during
differentiation from stem cells irrespective of their own H-2 genotype.
The repertoire of restriction of T helper cells is specific for IA antigens
and of T Killer cells for K and D antigens. H-2-linked Ir genes specify
the restriction elements (s). At present, there is no need to postulate that
H-2-linked Ir genes encode the v-region of T-cell receptors specific for
antigens (X).
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Continuously Proliferating
Allospecific T-Cell Lines

A Model to Study T-Cell Functions
and Receptors

Gunther Dennert

1. Introduction

Studies of the function and specificity of thymus-derived lymphocytes
(T cells) have met with increasing difficulties in recent years. The main
reason is that T cells perform many different regulatory and effector
functions in both cell-mediated and humoral immunity, each of which
functions is apparently executed by a distinct subset of T cells. This
was, for instance, shown by functional assays in which T cells primed
for one function were assayed for other functions (Dennert, 1976). By
combining functional assays with serological procedures, it was estab-
lished that T cells with specific functions may display specific Ly antigens
(Cantor and Boyse, 1975). This very promising approach to the separation
of T-cell subsets has yet to be fully exploited, since it is difficult to
prepare sufficient amounts of Ly-specific antibody for experimentation.
But the recent success in preparing hybridomas producing specific
antibody has opened new avenues for the preparation of unlimited
amounts of specific antibodies (Kohler and Milstein, 1976). Other pro-
cedures aimed at enriching or even purifying T-cell populations have had
little success. For instance, fractionation of T cells by adsorption to and
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elution from matrices to which antigen was attached have yielded
disappointing results (Rubin and Wigzell, 1973), with the exception of
alloantigen-specific cytotoxic T cells (Golstein et al., 1971).

It appears, therefore, that new procedures are needed to study T-
cell functions on both the cellular and the molecular level. Recently, two
different approaches have been pursued with differing success. In one,
an attempt was made to make use of the finding that plasma cells
secreting specific antibody and hybridized with myeloma cell lines give
raise to continuous cell lines that may continue to produce antibody
(Kohler and Milstein, 1976). Hybrids derived from somatic crosses
between specific T-cell populations and T-lymphoma lines were therefore
constructed and assayed for specific activity (Hadmmerling, 1977). Unfor-
tunately, this approach has so far met with only some success. While
hybrids with suppressor activity in the in vitro humoral immune response
were derived, continuous hybrid lines with cytotoxic activity have not
been obtained so far. The reasons for these failures could be severalfold
and are obviously difficult to analyze.

The second approach is based on the initial observation that T cells
sensitized to alloantigens may under certain culture conditions continue
to proliferate in secondary or tertiary culture (Cerottini et al., 1974).
Making use of this finding, we have established and characterized a
number of different allospecific T-cell lines, which appear to proliferate
permanently in vitro provided antigenic stimulation is present (Dennert
and De Rose, 1976; Dennert and Raschke, 1977; Dennert, 1979). An
interesting and potentially important variation of this procedure has
recently been introduced by a number of laboratories (Gillis and Smith,
1977, Nabholz et al., 1978). In this procedure, allospecific T cells were
sensitized in a mixed-lymphocyte culture and stimulated for several
weeks with alloantigens. Subsequently, these T cells could be induced to
proliferate in the absence of alloantigen provided they were cultured in
conditioned medium prepared from lymphocytes stimulated with the T-
cell mitogen concanavalin A (Con A). In this review, I would like to
discuss the generation, maintenance, and characterization of T-cell lines
initiated by alloantigenic stimulation and evaluate the possible usefulness
of allospecific T-cell lines for the study of T-cell functions and receptors.

2. Properties of Allospecific T-Cell Lines

2.1. Initiation of Allospecific T-Cell Lines

The initiation of long-term cultures of allospecific T cells follows
standard tissue-culture procedures. Mixed-lymphocyte cultures contain-
ing 10%/ml responder mouse spleen cells and equal numbers of irradiated
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allogeneic stimulator spleen cells are set up in Click’s minimal essential
medium or RPMI 1640, supplemented with 5% fetal calf serum and 5 X
10~ M B-mercaptoethanol (Dennert and De Rose, 1976), in 20-ml Falcon
tissue-culture bottles. Culture flasks are incubated in the upright position
in 5% CO, in air at 37°C. The success of long-term culture of T cells
appears to depend, at least in part, on the type of fetal calf serum used.
Care is therefore advised in the selection of sera allowing optimal T-cell
proliferation. The cultures must be fed at least every 2 weeks (Dennert
and Raschke, 1977) by replacing the tissue-culture supernatant with fresh
medium containing 10%ml irradiated spleen stimulator cells. For optimal
cell proliferation and maintenance of high cytolytic activity, weekly
feeding and stimulation with allogeneic cells are required (Dennert and
Raschke, 1977). To avoid crowding, the cultures are split 1:2 once a cell
density of 5 x 10%ml is reached. Long-term cultures have been derived
from a number of different mouse strains (BALB/c, DBA/2, C57Bl/6,
and C;H), and differences in longevity of these cultures have not been
seen,

2.2. Requirements for Cell Proliferation in Long-Term T-Cell
Cultures

Long-term T-cell cultures proliferate when challenged with spleen
stimulator cells for about 3-5 days, after which time the cells start dying.
Some ‘‘quiescent’ cells, however, have been shown to survive in these
cultures for about 5-6 weeks and will proliferate on restimulation
(MacDonald et al., 1974). Specific conditions appear necessary to stim-
ulate ‘‘quiescent’’ cells. For instance, T-cell mitogens such as phytohem-
agglutinin (PHA) and Con A are not able to stimulate cell proliferation
in long-term cultures (Table 1) (Dennert and De Rose, 1976). Very similar
results were also reported by Andersson and Hayry (1973). The reason
for this is not known, but it is possible that either allospecific T cells in
long-term cultures are not responsive to these two mitogens or that they
induce autokilling. This latter possibility is supported by the observation
that allospecific T Kkiller cells lyse each other in the presence of lectins
(Dennert and De Rose, 1976). Various cell types carrying serologically
detectable H-2 antigens on their cell surface were tested for their ability
to induce cell proliferation. Interestingly, cells such as C57Bl/6 erythro-
cytes or EL4 tumor cells that carry H-2 antigens do not stimulate cell
proliferation, while spleen cells do (Table 1). It emerged that the failure
of these two cell types to stimulate cell proliferation was due to a lack of
lymphocyte-activating determinants on these cells. In agreement with
this, tumor cells such as the BALB/c myeloma cell line S194, which
stimulates syngeneic or allogeneic spleen cells (Table 2) in a primary
mixed-lymphocyte tumor-cell culture, also stimulate the proliferation of
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TABLE 1. Failure of Tumor Celis, Erythrocytes, and T-Cell Mitogens to
Induce Proliferation of Allospecific T Cells

Responder cells® Stimulator cells? [*H]-TdR incorporation®
C-B6-9-75 — 52+ 4
— 5 x 10% C57B1/6 spleen cells (H-2Y) 183 + 27
— 108 EL4 (H-2Y 38+ 1
— 5 x 108 C57B1/6 red cells (H-2%) 68+ 4
C-B6-9-75 5 x 108 C57B1/6 spleen cells 9,420 + 166
C-B6:9-75 10° EL4 80+ 2
C-B6:9-75 5 x 108 C57B1/6 red cells 63+ 9
C-B6-9-75 2 x 107 C57B1/6 red cells 6+ 6
C-B6:9-75 8 x 107 C57B1/6 red cells 61+ 1
BALB/c spleen — 230 + 50
BALB/c spleen 2 ug/ml Con A 7,238 + 30
BALB/c spleen 1 pg/ml PHA 5,923 + 334
C-B6-9-75 — 52+ 3
C-B6-9-75 5 x 108 C57B1/6 spleen cells 32,747 + 285
C-B6-9-75 0.5 ug/ml PHA 173 = 31
C-B6-9-75 1 pg/ml PHA 141+ 2
C-B6:9-75 2 pg/ml PHA 132+ 2
C-B6:9-75 4 pg/ml PHA 152+ 10
C-B6-9-75 8 ug/ml PHA 183+ 4
C-B6-9-75 0.5 ug/ml Con A 163 + 12
C-B6-9-75 1  ug/ml Con A 163+ 3
C-B6-9-75 2 ug/ml Con A 161 =+ 0
C-B6-9-75 4 ug/ml Con A 63+ 1
C-B6-9-75 8 pug/ml Con A 65+ 6

¢ 10° responder cells/ml; (C-B6-9-75) BALB/c anti-C57B1/6 initiated September 1975.
> Stimulator cells were irradiated with 1000 rads. ©20-hr labeling on day 2.

long-term cultures. However, C57Bl/6 long-term cultures stimulated
repeatedly with BALB/c spleen cells are not as efficiently stimulated
with S194 as compared to cultures repeatedly stimulated with S194 (Table
2). Similarly, cultures stimulated with S194 respond much better to S194
than to BALB/c spleen cells (Table 2). This shows that a large population
of the C57Bl/6 responder cells are sensitized to distinct antigens on S194
and BALB/c spleen stimulator cells, which are not shared by both. The
lymphocyte-activating determinants on BALB/c spleen cells and BALB/
¢ S194 therefore appear to be different (Dennert et al., 1977).

The finding that lymphocyte-activating determinants are important
for the proliferation of allospecific T-cell lines led to the mapping of
antigenic determinants responsible for the proliferative response. Results
showed that apparently the serologically detectable H-2 specificities
coded in the D end of the H-2 complex (Dennert and Raschke, 1977) are
not involved. A BALB/c line sensitized to C67BI1/6 does not respond if
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TABLE 2. Stimulation of Cell Proliferation by S194

Tumor Cells
[3H]-TdR incorporation

Responder cells®  Stimulator cells on day 3
C57B1/6 spleen — 375 + 3

— S194 185 + 8
C57B1/6 spleen S194 3,320 =+ 289
B6-C-7-76 — 70 + 7

— BALB/c spleen 79 + 6

— C57B1/6 spleen 87 + 1
B6-C-7-76 BALB/c spleen 13,675 = 1176
B6-C-7-76 C57B1/6 spleen 154 + 16
B6-C-7-76 S194 1,584 + 208
B6-S194-9-76 — 62 + 5
B6-S194-9-76 S194 2,278 = 614
B6:S194.9-76 BALB/c spleen 1,350 = 40
B6-S194-9-76 CS57B1/6 spleen 86 + 8

¢ B6:C:7:76 (C57B1/6 anti-BALB/c) was 4 months in culture and
B6-S194-9-76 (C57B1/6 anti-S194) was 1 month in culture at the time
of this experiment.

challenged with HTG spleen cells (Table 3). It appears, rather, that gene
products coded for in the K and [ regions are able to stimulate cell
proliferation, since a C;H line sensitized to SJL is stimulated to prolif-
erate not only by ATH and B10 HTT but also by ATL stimulator cells
(Table 3).

The stimulation of cell proliferation could be the result of interaction
of either all cells in the culture or only a fraction of cells with the
stimulator cells. In the latter case, one could imagine that a subpopulation
of cells in the cultures responds to the lymphocyte-activating determi-
nants followed by secretion of a lymphokine able to stimulate division in
a second subset of T cells. It was therefore interesting to explore whether
culture supernatants of lymphocytes stimulated in various ways are able
to induce cell proliferation. Results presented in Table 4 show that cell
supernatants of spleen cells stimulated with Con A cause some stimula-
tion of allospecific T-cell lines, while supernatants from spleen cells
stimulated in a mixed-lymphocyte culture by the T-cell mitogen PHA, or
by the bone-marrow-derived lymphocyte (B-cell) mitogen bacterial lipo-
polysaccharide (LPS), show no stimulating effects. Comparison of pro-
liferation caused by spleen stimulator cells with that caused by super-
natants of Con-A stimulated cells reveals almost a 20-fold difference
(Table 4). Cell supernatants therefore stimulate poorly in comparison to
spleen cells. In fact, allospecific T-cell lines that were in culture for 2-3
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TABLE 3. Contribution of H-2-Region Genes in the Stimulation of
T-Killer-Cell Lines

[*H]-TdR incorporation

Allospecific T-cell line®  Stimulator cells®  H-2 haplotype on day 3
C-B6:2-76 — 38 = 2
— BALB/c (ddddddd) 47 + 3
— C57B1/6 (bbbbbbb) 41 = 5
— HTG (ddddddb) 47 = 3
C-B6-2-76 BALB/c (ddddddd) 175+ 16
C-B6-2-76 C57B1/6 (bbbbbbb) 9248 + 419
C-B6-2-76 HTG (ddddddb) 435 = 57
C;-S:2:77 — 64 + 3
— C;H (KkKKKKK) 69+ 10
— SJL (s888888) 67 + 2
— ATH (ssssssd) 57 + 5
— BIOHTT (ssskkkd) 65 = 1
— ATL (skkkkkd) 82 + 4
C;-S:2:77 C;H (kkKkKkk) 63 = 2
C5-S-2-77 SJL (s888888) 6467 + 414
C;-S-2-77 ATH (ssssssd) 5879 = 1571
C;-S-2-77 BIOHTT (ssskkkd) 5148 = 423
C;-S:2-77 ATL (skkkkkd) 4797 = 262

@ (C-B6:2:76) BALB/c anti-C57B1/6; (C,-S-2-77) C;H anti-SJL.
® The letters in parentheses (k, b, s, d) refer to H-2-region genes K, IA, IB, 1], IE, S, and D.

years cannot be stimulated by Con A supernatants at all (see below). It
therefore appears that only a subpopulation of allospecific T cells can be
stimulated by Con A supernatant. This population is apparently lost in
cultures stimulated with spleen cells over prolonged periods of time.

TABLE 4. Effect of Lymphocyte Supernatants on Cell Proliferation

[®H]-TdR incorporation

Allospecific T-cell line® Stimulator cells® on day 3
B6-C-11-77 —_ 110 = 1
— BALB/c 114 = 0.5
B6-C-11-77 BALB/c 25,125 = 675
B6-C-11-77 C57B1/6 anti-BALB/c SN 424 + 74
B6-C-11-77 C57B1/6 SN 351 = 16
B6-C-11-77 C57B1/6 PHA SN 491 = 143
B6-C-11-77 C57B1/6 LPS SN 192 = 94
B6:C-11-77 C57B1/6 Con A SN 1,296 + 256

2 (B6-C-11-77) C57B1/6 anti-BALB/c.
® Supernatants (SN) were prepared as described by Rosenberg et al. (1978).
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Taking advantage of the observation that allospecific T cells from
relatively young mixed-lymphocyte tumor-cell cultures can be stimulated
by supernatants from Con-A-stimulated spleen cells, Gillis and Smith
(1977) and Nabholz et al. (1978) have established cytotoxic allospecific
T-cell lines similar to the ones described herein. These lines, however,
appear to differ from our lines in various aspects. They can be stimulated
to proliferate by supernatant of Con-A-stimulated spleen cells, but not
by spleen or tumor stimulator cells. They can be relatively easily cloned
(Nabholz et al., 1978; Baker et al., 1979), which seems difficult with our
lines.

2.3. Cytotoxic Potential of Allospecific T-Cell Lines

Proliferative and cytolytic activity are closely related in allospecific
T-cell lines: lines that have not been stimulated for about 10 days do not
show thymidine incorporation and do not kill. Activation of Killing is
caused only by stimulator cells able to cause cell proliferation (Dennert
and Raschke, 1977). This can be seen by comparing the results referred
to in Table 3 with those in Table 5: the BALB/c anti-C57Bl/6 line lyses
both C57Bl/6 and HTG targets, but is not activated by HTG stimulator
cells. The H-2Db-coded specificities are therefore target antigens but not
stimulator antigens. The C;H anti-SJL line is activated by SJL, ATH,
B10, HTT, and ATL, stimulator cells that also cause cell proliferation.
Activation of cytolytic activity by entirely unrelated third-party stimu-

TABLE 5. Activation of Cytotoxic Activity by H-2-Region Genes

Allospecific H-2 Cytotoxicity (%)
T-cell line® Stimulator cells haplotype Target?® at 3 hr
C-B6-2-76 C57B1/6 (bbbbbbb) C57B1/6 61 = 0.5
C-B6-2-76 C57B1/6 (bbbbbbb) HTG 18 = 0.5
C-B6-2:76 HTG (ddddddb) C57B1/6 <1
C-B6-2-76 HTG (ddddddb) HTG <1
C;3:S-2:77 SJL (55858S8) SJIL 44 + 2.3
C;-8:2:77 ATH (ssssssd) SJL 42 29
C;5-S:2-77 BIOHTT (ssskkkd) SIL 41 + 3.6
C;-S-2-77 ATL (skkkkkd) SJL 27 + 3.2
C;3:S-2:77 C;H (kkkkkkk) SJL <1

¢ C-B6-2:76 (BALB/c anti-C57B1/6) was 2.5 months in culture and C,-S-2-77 (C;H anti-
SJL) was 3.5 months in culture at the time of this experiment.
> The attacker/target cell ratio was 10: 1.
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lator cells, which may cause cell proliferation, particularly in younger
cultures (see below), has been observed. The cytolytic activity stimulated
by these cells is, however, always directed against the antigenic deter-
minants carried by the original stimulator cells (Dennert and De Rose
1976). This form of third-party stimulation of cytotoxic cells has also
been observed by others using somewhat different systems (Alter et al.,
1976). 1t is possible that this third-party stimulation of cytolytic activity
is caused by lymphokines secreted by a population of cells in these
cultures reactive to the antigenic determinants carried by the stimulator
cells.

The cytolytic activity of long-term T-killer-cell lines has never been
observed to be higher than that of a mixed-lymphocyte culture after
secondary or tertiary stimulation. In fact, it is a frequent observation
that the cytolytic activity decreases over a period of several months and
may finally disappear altogether (Dennert and De Rose, 1976; Dennert
and Raschke, 1977). The reason for this is not entirely clear, but it may
be that the cytolytic effector cells have only a limited potential to divide
and are overgrown by the more easily propagated noncytotoxic prolif-
erating T cells (Dennert and Raschke, 1977). Alternatively, it is possible
that the cytotoxic T cells lose their cytotoxic potential on prolonged
culture. Under certain circumstances, however, cytotoxic T cells may
be propagated in culture for several years (Dennert, 1979).

Activated cytotoxic T cells, while showing specific killing in the
absence of plant lectins, are able to lyse various kinds of target cells in
their presence (Dennert and De Rose, 1976). For instance, in the presence
of PHA, they will lyse not only lymphoid-tumor cells, carrying H-2
antigens to which they are not sensitized, but also syngeneic Killer cells
and even xenogeneic erythrocytes (Table 6). This effect of PHA may be
explained by agglutination of killer cells to their targets followed by lysis
of the target. It is interesting to note that PHA is also able to effect
killing by allospecific killer cells that have not been stimulated (Dennert
and De Rose, 1976) for at least 10 days (‘‘quiescent’’ cells). A possible
interpretation of this interesting finding is that ‘‘quiescent’’ allospecific
T cells either have insufficient numbers of receptors to bind to the
targets, which may be overcome by lectin agglutination, or they may
lack cytolytic effector molecules that may be inducible by PHA. Similarly
interesting, but also unexplained, is the finding that allospecific T-cell
lines that have lost their specific cytotoxic activity (inactive lines) may
be nonspecifically cytotoxic in the presence of PHA (Dennert and De
Rose, 1976). These results emphasize that the effects of PHA in T-cell-
mediated Kkilling are not fully understood and that we do not know with
certainty which T cells can interact with PHA in the cytotoxic reaction.
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TABLE 6. Lysis of Various Targets by Killer Cells in the Presence
of PHA

Cytotoxicity (%)

Allospecific T-cell line= PHA? Target® a/t® at 3 hr
C-B6:9-75 (active) - EL4 (H-2%) 5:1 29+ 3
C-B6-9-75 (active) - P815 (H-29) 5:1 <1
C-B6-9-75 (active) - CRBC 5:1 <1
C-B6-9-75 (active) - C-B6-9-75 (H-2%)  5:1 <1
C:-B6-9-75 (active) + P815 (H-29) 5:1 74 £ 2.0
C-B6-9-75 (active) + CRBC (H-29) 5:1 29 + 0.1
C-B6-9-75 (active) + C-B6-9-75 (H-2%9  5:1 3004
at 6 hr
C-B6-9-75 (quiescent) - EL4 (H-2% 1:1 <1
C-B6-9-75 (quiescent) - P815 (H-29) 1:1 <1
C-B6-9-75 (quiescent) + EL4 (H-2?) 1:1 25 £ 0.5
C-B6-9-75 (quiescent) + P815 (H-2%) 1:1 58 = 0.6
C-B6-9-75 (inactive) - EL4 (H-2% 1:1 <1
C-B6-9-75 (inactive) - P815 (H-29) 1:1 <1
C-B6-9-75 (inactive) + EL4 (H-2% 1:1 20 + 0.4
C-B6-9-75 (inactive) + P815 (H-29) 1:1 84 + 24

¢ (C-B6-9-75) BALB/c anti-C57B1/6.

> The final concentration was 5 pg/ml.

¢ (EL4) C57B1/6 lymphoma; (P815) DBA/2 mastocytoma; (CRBC) chicken erythrocytes.
4 Attacker/killer-cell ratio.

2.4. Selection of Allospecific T-Cell Lines over Extended Periods of
Time

The observation that there is a divergence between proliferation and
cytolytic activity in allospecific T-cell lines does not mean that these cell
lines are not derived from one subset of T cells. It is quite possible that
the different functions such as proliferation and killing are performed by
cells in different stages of development. Alternatively, it cannot be
excluded that the different functions are indeed performed by different
subsets of T cells in these cultures. Another complication is that even if
all the cells in a particular line were derived from one subset of T cells,
they may display different receptor specificities and therefore are not
homogeneous when their receptors are concerned. Therefore, two ave-
nues have been explored to distinguish among these different possibili-
ties. One is cloning and the other is selection of lines over extended
periods of time. Cloning experiments have to date been largely unsuc-
cessful in our hands because it appears difficult to grow individual cells
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from microwells (unpublished results).* Successful cloning of allospecific
T cells, however, has been reported by Fathman and Hengartner (1978),
though the clones derived had lost their cytolytic activity. Test of these
putative clones for proliferative activity showed that some of the clones
could still be induced to proliferate by unrelated third-party stimulator
cells, while others could not. This may either mean that these clones are
not true clones or that there are receptor cross-reactivities or a high
somatic mutation rate of the receptor. Since cloning was difficult with
our lines, we tried to select lines over extended periods of time to find
out whether lines with more limited receptor specificity could be derived.
In Fig. 1, lines selected for 2.5, 5.5, and 15 months were tested for their
specificity of proliferation. At 2.5 months, there is considerable stimula-
tion by third-party cells observed. This effect could be due either to a
heterogeneity in receptor specificities within the culture or to one
receptor specificity that recognized cross-reacting antigens. The latter
possibility appears unlikely, since in general lines selected for longer
periods of time show low or no responsiveness to third-party stimulator
cells (Fig. 1) (Dennert and Raschke, 1977). It is therefore possible that
in the initial cultures, responder cells are stimulated that interact with
antigens, which are either unique for the stimulator cells or common on
other unrelated stimulator cells as well. On selection over long periods
of time, only the responder cells specific for the antigenic determinants
unique to the stimulator cells will survive, perhaps because their recep-
tors have higher affinity. An alternative explanation would be that the
selective pressure in these cultures for the cells responsive to the
stimulator cells is small. The reason for this could be, for instance,
stimulation of lymphocytes by fetal calf serum or lymphokines secreted
by the lymphocytes responding to the stimulator cells. Since after 1 year
of selection these lines display a receptor specificity assayed by the
proliferative response that is comparable to that of isolated clones
(Fathman and Hengartner, 1978), selection may be a useful substitute for
cloning. But although receptor specificities may be identical in a selected
line, one can never be sure that all cells in this culture are derived from
one clone of cells.

One line that was selected over 3 years has been investigated in
more detail (Dennert and Raschke, 1977; Dennert, 1979). The line
C-C;-11-75 (BALB/c anti-C;H) had lost its cytotoxic activity on H-2%
tumor cells such as RITL* (Table 7), but was able to lyse C;H spleen
blast targets. Mapping studies revealed that the antigens recognized in
the killing reaction are most probably coded in the /A subregion of the

* Recently, cloning has been possible using conditioned media and spleen stimulator cells.
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Figure 1. Results of testing of cell lines C-B6-2-75 at the age of 15 months (a), C-B6-10-75
at the age of 5.5 months (b), and C-B6-2-76 at the age of 2.5 months (c) for their proliferative
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strains indicated. The abbreviated haplotypes (KISD) of these mice are given. The three
bars for each strain represent, from left to right, the cpm/culture for days 1, 2, and 3 (10
responder cells/culture). Labeling was done for 20 hr.

TABLE 7. Cytolytic Activity of Line

C-C;-11-75
Cytotoxicity (%)

Target H-2 haplotype at 3 hr*
C;H kkkkkkk 40 + 2.5
B10A kkkdddd 43 + 1.1
B10A (4R) kkddddd 42 + 0.8
ATL skkkkkd 39 + 1.1
C;H OL ddddkkk 4 +27
BALB/c ddddddd <1
RITL* k-----kt <1

* The attacker/target-cell ratio was 50: 1; stimulator cells
were C;H.

t Only the serological specificities have been deter-
mined; no lymphocyte-activating determinants are
present.
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H-2 gene complex (Table 7). Therefore, selection of this line resulted in
loss of Kkiller cells specific for H-2K- and D-coded antigens, while killer
cells specific for JA-region-coded antigens remained. As was to be
expected, proliferation was stimulated by spleen cells carrying the IA¥
antigens (Table 8). It is therefore possible that in this particular instance,
the IA¥ antigens provide the stimulus for both killing and cell proliferation
to the same cell, which could explain the selective advantage these cells
have in culture. If this were correct, one could hypothesize that K- and
D-region-specific killer cells require cooperation for proliferation with I-
region-gene-product-specific T helper cells via soluble products. It may
be relevant in this regard that C-C;-11-75 cells cannot be stimulated by
tissue-culture supernatants from spleen cells activated by Con A (see
Table 7). Therefore, this cell line appears to be refractory to stimulation
by lymphokines secreted by mitogen-activated T cells.

Cell line C-C;:11-75 displays another interesting function. If these
cells are mixed in small numbers with B cells and sheep erythrocyte
(SRBC) antigen, they are able to cause a positive allogeneic effect under
certain experimental conditions (Dennert et al., 1977, Waterfield et al.,
1979). In Fig. 2, 1.5 x 10* mitomycin-treated C-C;-11-75 T lymphocytes
were cultured with 5 x 10°> B cells and SRBC (Waterfield et al., 1979).
It can be seen that a maximal humoral response is obtained with B cells
carrying IA*-subregion-coded antigens. It therefore appears that
C-C;:11-75 by interaction with /A*-coded antigens on B cells can stimu-
late these cells in the presence of SRBC for antibody synthesis. In an

TABLE 8. Proliferative Activity of Line C-C;-11-75
[3H]-TdR incorporation

Responder cells®  Stimulator cells® H-2 haplotype on day 3
C-C5-11-75 — 68+ 13
— BALB/c (ddddddd) 77+ 4
— C;HOL (ddddkkk) 115+ 3
— C;H (kkkkkkk) 100+ 3
— B10A (kkkdddd) 77+ 7
— ATL (skkkkkd) 76+ 3
C-C;3-11-75 BALB/c (ddddddd) 1,590 = 192
C-Cy-11-75 C;HOL (ddddkkk) 168 = 16
C-Cy-11-75 C;H (kkkkkkk) 12,138 = 2057
C-C5-11-75 B10A (kkkdddd) 8,514 = 723
C-C3-11-75 ATL (skkkkkd) 5,802 = 118
C-Cy11-75 Con A SN¢ — 137 = 22

e Responder cells were 5 x 10¢/ml.

b Stimulator cells were 5 x 10/ml.

¢ Con A supernatant was prepared using BALB/c spleen cells as described by Rosenberg
et al. (1978) and tested for its stimulatory activity on T cells from a primary mixed-
lymphocyte culture.
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Figure 2. Results of an experiment in which varying numbers of nylon-wool-column-
passed T cells from BALB/c spleen or the C-C;-11-75 cell line, both mitomycin-C-treated,
were added to wells containg SRBC and 5 x 10° B lymphocytes from the listed recombinant
inbred mice. The results represent the geometric mean + standard deviation of plaque-
forming cells (PFC) activated by 1.5 x 10* C-C3-11-75 T lymphocytes (peak antibody
response) (hatched bars). Background responses of B cells alone are indicated (*). Normal
BALB/c T lymphocytes routinely activated all the B cells listed except B10.D2, as would
be expected ( > ). However, the peak response induced with BALB/c T lymphocytes
required 27-fold more cells than with the C-C;-11-75 cell line. The figure represents one of
three separate experiments.
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attempt to elucidate the mechanism of action of these allogeneic coop-
erating T cells, we searched for a factor secreted by C-C;-11-75 on
stimulation with cells carrying IA*-coded antigens. It was found that
these T cells indeed secrete a factor that may be similar to the one
previously described by Armerding and Katz (1974). The production of
this factor was dependent on stimulation of C-C;-11-75 cells with stimu-
lator cells carrying IA%-subregion genes (Waterfield et al., 1979). How-
ever, while the secretion of this factor was dependent on stimulation by
specific antigen, the factor itself was nonspecific and stimulated B cells
of various H-2 haplotypes (Waterfield et al., 1979). Therefore, three
biological functions are induced by /A-subregion-coded antigens in this
allospecific T-cell line: cytotoxicity, cell proliferation, and positive allo-
geneic effect.

2.5. Cell-Surface Molecules of Allospecific T-Cell Lines

One of the principal reasons to establish permanent lines of func-
tional T cells is to study the nature and specificity of their antigen
receptors. Both these questions have been dealt with in many experi-
mental models without conclusive results. For instance, a number of
reports support the contention that the T-cell receptor is related to
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immunoglobulin, while other experimental results do not support this
possibility. Since our T-cell lines show antigen specificity, they must still
continue to display specific receptors. It was therefore interesting to
explore whether immunoglobulin can be found on allospecific T cells. A
number of different rabbit and chicken antisera raised against mouse
immunoglobulin were used for immunoprecipitation followed by analysis
on polyacrylamide gels. Results showed that there is no immunoglobulin
detectable on these cells (Dennert and Raschke, 1977), an observation
that subsequently has been confirmed (S. Baird, unpublished results).
Our failure to find immunoglobulin on these T cells of course does not
prove that the T-cell receptor is not immunoglobulin, but led us to a
different approach to search for it. This approach made use of the finding
that cell line C-C;-11-75 cooperates with B cells for a humoral response
by secreting a factor. If this factor were related to the T-cell receptor,
then it should display antigen specificity. But as mentioned in the
previous section, this factor did not turn out to be antigen-specific and
therefore is unlikely to represent the T-cell receptor.

Allospecific cell lines carry cell-surface antigens characteristic for T
cells. H-2 histocompatibility antigens and Thy-1 can be demonstrated on
these cells by both quantitative absorption and direct cytotoxicity. Using
immunoprecipitation and polyacrylamide gel electrophoresis, Thy-1 and
T200 glycoproteins have been demonstrated (Dennert and Raschke,
1977).

3. Outlook

The possibility of establishing allospecific T-cell lines has provided
us with a new tool to study T-cell functions and receptors. Since large
numbers of these cells can be grown in tissue culture, both biological
experiments and direct biochemical experiments aimed at isolating the
T-cell receptor may now be feasible. There are, however, a number of
important questions pertaining to the usefulness of these cell lines. The
first is whether these lines are still representing normal cells or not. The
spleen-stimulator-cell-dependent allospecific cell lines appear to have
preserved most of their original functions. They proliferate only if
stimulated with allogeneic spleen cells, show specific cytolytic activity,
and can take part in a specific allogeneic effect. Furthermore, they do
not grow in normal or immunodeficient mice (Dennert and Raschke,
1977). Therefore, they do not appear to be transformed. These findings,
however, do not exclude the possibility that mutations are required for
the successful establishment of allospecific T-cell lines. Cell lines de-
pendent on Con A supernatant are different in many respects from
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normal T cells and spleen-stimulator-cell-dependent lines. They die
within a few hours when incubated in normal media and, surprisingly,
they cannot be stimulated to proliferate by either spleen or tumor
stimulator cells (Dennert, unpublished results). Their cytolytic activity is
often low in comparison to that of normal T Kkiller cells (Baker et al.,
1979), and the specificity of their cytolytic activity has not been com-
pletely elucidated. Since chromosomal abnormalities have also been
noted in these lines (Nabholz et al., 1978), it appears that these T-cell
lines are quite different from normal T killer cells. Nevertheless, they
may be important models to study T-cell functions.

Cloning of Con-A-supernatant-dependent lines appears to be possi-
ble (Nabholz et al., 1978; Baker et al., 1979), while cloning of the spleen-
stimulator-cell-dependent lines is difficult. This of course makes the Con-
A-supernatant-dependent lines more useful for experiments in which
cloned cell lines are required. Experiments under way will show whether
it will after all be possible to clone well-established spleen-stimulator-
cell-dependent lines. Cloned allospecific T-cell lines could be used for
many interesting and important experiments. For instance, they would
make it possible to answer the question whether it is really only one type
of cell in C-C;-11-75 that is responsible for the functions ascribed to this
line. Also, questions regarding the specificity of the T-cell receptor in
the proliferative response, cytotoxic activity, and allogeneic effect can
be studied only with cloned cell lines. Biochemical and serological
experiments will have to be done with cloned allospecific T-cell lines
aimed at finding the T-cell receptor. Many approaches for this goal could
be thought of, such as dissolving the receptor from the membrane and
testing it for specific binding to target antigens. Antisera or better
monoclonal antibody from hybridomas specific for cell-surface antigens
of allospecific T-cell lines could be prepared for the characterization of
T-cell-surface antigens and antigen receptors.

In summary, allospecific T-cell lines have opened up a completely
new field of experimentation and may be a most promising tool to study
T-cell functions and receptors. It can be anticipated that they may be
instrumental in solving the many unresolved questions involving T-cell
functions in the immune system.
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The Dual Specificity of Virus-Immune
T Cells

Functional Indications That Virus and H-2
Molecules May Associate on the Cell Membrane

Peter C. Doherty, Jack R. Bennink, Rita B. Effros,
and Mark Frankel

1. Introduction

A current obsession of cellular immunology is the definition of the T-cell
receptor repertoire. Many of the questions that have been raised derive
from experiments with virus systems (Doherty et al., 1976a; Zinkernagel
and Doherty, 1979). How do we explain the apparent dual specificity for
major histocompatibility (MHC) components and for virus?

The virus models might seem, on superficial acquaintance, to con-
stitute an unduly complex means for attempting rigorous dissection of T-
cell specificity patterns. Surely, clearer analysis would be achieved by
using a better-defined antigenic moiety, such as a hapten (Shearer and
Schmitt-Verhulst, 1977). However, this has not proven to be the case.
For instance, virus-immune effector T cells distinguish among virus-
infected target cells bearing H-2K antigens that differ by, perhaps, as
few as one or two amino acids (Zinkernagel, 1976; Blanden et al., 1976;
Brown and Nathenson, 1977). This degree of discrimination is not seen
for hapten-specific lymphocytes (Forman and Klein, 1977).

The greater precision of the infectious models in this regard probably

Peter C. Doherty, Jack R. Bennink, Rita B. Effros, and Mark Frankel ® The Wistar
Institute of Anatomy and Biology, Philadelphia, Pennsylvania 19104.
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reflects that viral proteins are inserted, of themselves, in the plasma
membrane; they do not need to be coupled to cell-surface glycoproteins
using some extrinsic reagent. In fact, a substantially nonlytic virus (such
as lymphocytic choriomeningitis virus or some of the exogenous oncor-
naviruses) probably represents the closest possible analogy to ‘‘self”’
that is not of host origin (Burnet and Fenner, 1949; Doherty et al.,
1977a). The minor histocompatibility antigen models (Simpson and Gor-
don, 1977; Bevan, 1975) might be thought to constitute a more physio-
logical situation in this regard. However, the problem here is that we
know very little about the chemical nature, or even the serological
identity, of most minor histocompatibility antigens. Many virus proteins
are, on the other hand, extremely well characterized.

One of the best defined of all virus systems, from both the molecular
and the serological aspect, is the influenza A viruses (for reviews, see
Kilbourne, 1975). This chapter briefly summarizes our work with influ-
enza, especially that concerning T-cell specificity for viral determinants.
We also consider the question of specificity for H-2, and concentrate on
experiments in which T-cell populations acutely depleted of alloreactive
potential (Sprent, 1977) are stimulated with virus in irradiated, allogeneic
recipients. Previously unpublished data are presented throughout.

2. The Influenza Model

2.1. Characteristics of Influenza Viruses

The influenza viruses bud from the cell surface, and utilize plasma
membrane to form the mature virus particle (virion). They do not, so far
as we know, incorporate any host glycoproteins. The major antigenic
components of the influenza A viruses (after Kilbourne, 1975; Laver et
al., 1977; Schild, 1979) are discussed in the following sections.

2.1.1. The Ribonucleoprotein (RNP)

The viral genome consists of eight separate RNA segments, which
readily reassort when a cell is infected with two different influenza A
viruses. This has led to the generation of a range of stable, ‘‘recombi-
nant”’ influenza A viruses. The RNA is associated with a series of
proteins, which are antigenically cross-reactive for all influenza A virus-
es. There is one unconfirmed report that the RNP may be expressed on
the surface of virus-infected cells (Virelizier et al., 1977).
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2.1.2. The Matrix (M) Protein

The M protein is a nonglycosylated structural protein that has a
molecular weight of 20,000-27,000 daltons. The M protein is very similar
antigenically for all influenza A viruses, but is quite different serologically
from that found in the influenza B viruses. It is not known to be
expressed on the surface of the virion, and antibody to M protein is not
normally detected in serum after primary infection of mice with influenza
viruses. However, reasonable evidence now exists that the M protein is
presented on the surface of both productively (producing infectious
virus) and nonproductively infected cells (Braciale, 1977b; Biddison et
al., 1977; Ada and Yap, 1977), and there is one experiment that indicates
that it is on the cell membrane in a nonglycosylated form (Braciale,
1977b). This is intriguing, since recent findings of Lohmeyer et al., (1979)
show that very little M protein is synthesized in nonproductively infected
cells, such as L-cell fibroblasts. This could be the reason for defective
virus assembly (Lohmeyer et al., 1979).

2.1.3. The Neuraminidase (N)

The N is a glycoprotein with a molecular weight of between 55,000
and 70,000 daltons, and is the minority protein on the surface of the
virion, being present at much lower concentrations than the hemagglu-
tinin (HA). The function of the N is not fully understood. However, the
cleavage of neuraminic acid residues may release budded virus from the
surface of the cell, since attachment appears to reflect affinity between
these carbohydrate moieties and the HA. Antibody to the N may have
some protective effect when people are exposed to influenza A viruses,
but is much less efficient in this regard than antibody to the HA.

2.1.4. The Hemagglutinin (HA) Protein*

The HA glycoprotein is the major viral antigen presented on the
surface of both the virion and the virus-infected cell, and is associated
with generation of a highly protective antibody response. The HA is
considered to be a trimer, the molecular weight of each subunit being
about 70,000 daltons. The subunits are further divided into a heavy
(45,000) and a light chain (25,000). The HA undergoes two forms of
antigenic variation: (1) Antigenic drift appears to reflect the selection of

* We use the HA rather than the more usual H terminology for viral hemagglutinin
throughout this chapter, to avoid confusion with the histocompatibility systems.
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variant viruses in the presence of host-immune response, leading to
sequential changes in the HA of epidemic viruses appearing over 7-10
years or so. Such viruses are classified in the same subtype; for instance,
HAONT1 viruses include PR8 (isolated in 1934) and AO/Bel (isolated in
1942), and sera raised against these two HAO molecules show extensive
cross-reactivity. More rigorous analysis of cross-reactivity patterns may
be made using monoclonal, hybridoma antibodies (Gerhard et al., 1978).
(2) Antigenic shift is thought to occur when an animal and a human strain
of influenza virus recombine (see Section 2.1.1), thus creating a virus
with virulence for man that has a completely novel HA molecule. For
instance, there is absolutely no cross-neutralization between the AO
(HAO) virus strains and the A2 (HA2) viruses, the latter representing
new pandemic strains that swept through human populations in the late
1950’s.

2.2. Specificity of Influenza-Immune T Cells

Both the primary and the secondary influenza-specific cytotoxic-T-
cell responses are H-2K- and H-2D-restricted in the mouse, and AgB-
restricted in the rat (Yap and Ada, 1977; Marshak et al., 1977; Doherty
et al., 1978). It has been possible to examine only the secondary
influenza-immune cytotoxic-T-cell response in man, and this is clearly
HLA-A- and HLA-B-restricted (McMichael and Ting, 1977; McMichael,
1978; Biddison et al., 1979). Furthermore, virus-specific effector T-cell
function in vivo, measured by clearance of infectious virus from the lung,
is also H-2K- and H-2D-restricted (Yap and Ada, 1978a). All influenza-
immune T-cell populations studied so far thus obey rigorously the rules
for MHC restriction defined previously for other viruses in murine
systems (Doherty et al., 1976a). Furthermore, the influenza model has
provided the best evidence to date for HLA restriction of virus-specific
cytotoxic T cells in man. Our earlier speculation (Doherty et al., 1976a)
that MHC restriction may serve as a general marker for cytotoxic-T-cell
function has thus been supported for three separate species of mammals,
using viruses that are known human pathogens.

The main reason for selecting the influenza A viruses to examine T-
cell specificity was the advanced state of influenza-virus technology,
especially the availability of a range of recombinant viruses. Use of these
systems quickly showed that a subset of the H-2-restricted, virus-immune
T cells was very specific for the particular influenza A virus used for
immunization (Cambridge et al., 1976; Effros et al., 1977; Doherty et al.,
1977b; Ennis et al., 1977a,b; Braciale, 1977a). These T cells undoubtedly
recognize the viral HA, since restimulation of memory population in
vitro with isolated HA leads to the generation of an extremely specific
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cytotoxic response (Zweerink et al., 1977b). Indeed, one group (Ennis et
al., 1977a,b) claimed that the cytotoxic-T-cell response could clearly
distinguish between target cells infected with A/Port Chalmers/1/1973
and A/England/42/1972, which bear HA3 antigens that are serologically
very similar. However, this claim could not be substantiated by us (Fig.
1) and is not supported by later experiments from the same laboratory
(Ennis et al., 1978). Even so, it seems that at least some cytotoxic T
cells are as discriminating as B-cells clones in distinguishing among
different influenza-virus HA molecules.

There is also a further major component in the cytotoxic-T-cell
response that is highly cross-reactive for all influenza A, but not for
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Figure 1. Results of experiments in which adult CBA/J (H-2¥) mice were primed intraper-
itoneally (Effros et al., 1977) with either A/Port Chalmers/1/1973 (PC) or A/England/42/
1972 (ENG). One month later, 1 x 10® memory spleen and lymph node cells from these
mice were transferred intravenously (i.v.) into irradiated (950 rad) CBA/J recipients, which
were then inoculated i.v. with either the homologous or the heterologous virus. This
procedure stimulates both the virus (HA)-specific and the cross-reactive T-cell subsets
(Doherty et al., 1977b; Effros et al., 1978). No evidence of any difference in specificity
could be found for these two HA3N2 viruses by competitive inhibition using ‘‘cold,”
unlabled virus-infected L cells, interposed at ratios from 4:1 to 16:1 relative to the 5'Cr-
labeled target cells. The results shown are for L-cell (H-2¥) targets infected with A/Port
Chalmers/1973. The assay was incubated for 12 hr at 37°C, and results are expressed as
specific 3'Cr release relative to the medium control (Effros et al., 1978).



40 PETER C. DOHERTY ET AL.

influenza B, viruses (Effros et al., 1977; Doherty et al., 1977b; Zweerink
et al., 1977a; Braciale, 1977a,b). These T cells could be recognizing the
shared viral M protein, which is probably present on the cell surface (see
Section 2.1.2). The most direct support for this idea rests in the obser-
vation (Braciale, 1977b) that inhibitors of glycosylation do not prevent
the M protein from being expressed on the cell membrane, though they
do suppress appearance of the viral HA, and such targets are recognized
by the cross-reactive T-cell subset. Also, Reiss (1980) was able to block
the cross-reactive T-cell subset with a rabbit antiserum to M protein.
Most groups have had no success with such antibody blocking experi-
ments, but this may simply reflect the quality of the reagents used (see
Section 2.4).

Other possibilities are that these cross-reactive T cells may be
recognizing a shared region on the viral HA—though they are not
stimulated when isolated HA is used as an immunogen (Zweerink et al.,
1977b)—or some neoantigen complex between viral and H-2 antigen
(Zinkernagel and Doherty, 1974). Whichever is the case, the existence of
this cross-reactive T-cell subset offers an explanation for the heterotypic
immunity between serologically different influenza A viruses described
many years ago by Schulman and Kilbourne (1965) since Yap and Ada
(1978b) have shown that adoptively transferred HAON 1-immune T cells
are quite effective in eliminating HA3N2 virus from the lung.

The existence of this cross-reactive T-cell subset is of considerable
interest, since it represents a major divergence between normal cytotoxic-
T-cell and serologically detectable B-cell responses. A mouse primed
with, for instance, an HAON1 virus will generate a massive, secondary
cytotoxic-T-cell response within 3 days of challenge with a serologically
non-cross-reactive HA3N2 virus (Doherty et al., 1977b). Furthermore,
the early generation of these extremely potent cross-reactive T cells
seems to in some way inhibit the appearance of the primary HA3-specific
T-cell subset. This may simply reflect the early removal of a virus-
infected stimulator population (Pang and Blanden, 1976). However, the
phenomenon may be of considerable clinical interest, since all the HLA-
restricted influenza-immune T-cell responses studied to date in man are
essentially cross-reactive in character (Biddison et al., 1979). This
presumably reflects the operation of the secondary, cross-reactive T-cell
subset, since the lymphocyte populations used in the experiments of
Biddison et al. (1979) were from people of sufficient age to have suffered
at least one attack of influenza.

The essential message emerging from the studies with influenza A
viruses is that all aspects of cytotoxic-T-cell specificity encountered so
far can be accounted for in terms of known viral proteins expressed on
the surface of virus-infected cells. The fine specificity shown for the viral
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HA molecule indicates that the T-cell recognition structure(s) are at least
as discriminating as antibody molecules. The existence of the cross-
reactive subset was somewhat of a surprise but cannot, at this stage, be
taken as evidence for divergence of the T-cell and B-cell repertoires,
since such T cells may be specific for the shared virus M protein.
However, the fact that antibody to the M protein is not made during the
course of primary exposure of mice to influenza (though such B-cell
clones can be readily stimulated following immunization with isolated M
protein in adjuvant) indicates that the requirement for potent stimulation
of cytotoxic T cells and B cells may be quite different (Effros et al.,
1978).

2.3. Responder—Nonresponder Situations

One of the long-term questions about the nature of the strong
transplantation antigens concerns the biological raison d’étre for the
extreme polymorphism of these systems (Burnet, 1973; Bodmer, 1972).
We proposed early on (Doherty and Zinkernagel, 1975) that this could
reflect an evolutionary need to prevent the emergence of virus-specific
T-cell nonresponsiveness that might be widespread throughout the spe-
cies. Both the existence of a duplicated system at H-2K and H-2D
(HLA-A and -B in man) and the availability of a great range of alleles at
each of these loci would operate to minimize the possibility of general
susceptibility to a particular pathogen. It is now clear that cases of total
nonresponsiveness do occur, the best-documented (for the infectious
viruses) being influenza A viruses presented in the context of H-2K" and
vaccinia virus at H-2D¥* (Doherty et al., 1978; Zinkernagel et al., 1978b).

The nonresponsiveness in the context of H-2KP® for the influenza A
viruses (Table 1) is particularly interesting, since we know that infection
with any influenza A virus leads to the generation of at least two sets of
virus-immune T cells (see Section 2.2): the one specific for the viral HA
molecule, the other recognizing (perhaps) the M protein. Furthermore,
we have now used several influenza A viruses expressing two quite
distinct HA molecules, and failed to find any substantial response
mapping to H-2K" (Doherty et al., 1978). Most of these experiments
were done with the B10.A(SR) (H-2K"-D9) recombinant, which generates
potent influenza-immune cytotoxic T cells in the context of H-2D4. Also,
expression of the H-2KP alloantigen is not, at least so far as can be
detected by alloreactive cytotoxic T cells, modified in influenza-infected
cells.

The generality of this defect for the influenza A viruses creates
problems for models that seek to explain nonresponsiveness by postu-
lating an absence of the relevant T-cell receptor repertoire (Langman,
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TABLE 1. Recognizable Cytotoxic-T-Cell Response for Vaccinia Virus but Not for
Influenza Virus in the Context of H-2K®

Specific *'Cr release (%) from
virus-infected targets

Immune B10.A(2R) BI10.A(5R) MC57G L Cell P815

Virus spleen KkD® K°D? K°D? KkDx  KeD¢
Influenza* B10 K°D? 38 3 26 5 0
Secondary  B10.A(5R) K°D? 10 41 2 4 24
B10.A(2R) K¥D? 66 7 16 72 6
B10.Br K*D* 61 8 1 64 2
B10.D2 K¢D¢ 13 48 0 12 62
Primaryt (CBA x CS57)FI KkD¥ x K°Db 70 12 56 81 0
Vaccinia** B10 K°D? 19 39 34 6 8
B10.A(5R) K®D¢ 8 53 39 4 13
B10.A(2R) K*D? 56 4 4 51 3
B10.Br K¥Dk 55 11 3 70 1
B10.D2 K4D? 10 37 1 9 36

* ized with HK infl za virus 5 days previously; the primary response is partially HA-specific and partially cross-

reactive (Effros et al., 1977, 1978).

t The influenza-immune T cells were from mice infected with the HK (HA3N2) strain of virus, and then challenged after
a further 6 weeks with PR8 (HAON1). Spleen cells were assayed 6 days later on HK-infected targets at a ratio of 100:1.
The response measured is totally cross-reactive for the two viruses used (Doherty et al., 1977b; Effros et al., 1978).

** The vaccinia-immune T cells were from mice primed 6 days previously and were assayed on vaccinia-infected targets

at a ratio of 25:1.

1978). If, for instance, the presence of a ‘‘self”’ receptor for H-2K® on
a lymphocyte differentiating in thymus is considered to ‘‘preclude”
(Langman, 1978) the concurrent expression of a virus-specific recognition
unit on the same cell, it would not be necessary to postulate that a whole
set of genes (specific for different influenza viral HA molecules and M
protein, but not for vaccinia antigens) is affected. This seems extremely
unlikely. The association of the phenomenon with a range of biologically
similar, but antigenically distinct, viruses and virus proteins may indicate
a failure of association between the H-2K® allele and all influenza A
viruses. Some evidence exists to support this idea in the Friend virus
system, in which only those H-2 alleles that are correlated with T-cell
responsiveness may be detected in disrupted virus particles (Bubbers et
al., 1978).

The prediction that failure to generate an appropriate ‘‘altered-self’’
situation results in nonresponsiveness (Doherty and Zinkernagel, 1975)
may thus be fulfilled, though it could well be that the need is to present
(or orient) viral and H-2 components in close proximity rather than as a
new antigenic determinant (Bevan, 1975). Variations of this model also
seem to have found favor with those interested in differential respon-
siveness mapping to the I region.
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2.4. Blocking Cytotoxicity with Monospecific Antisera

The lytic capacity of H-2-restricted effector-T-cell populations is
readily blocked by treating the target cells with antisera directed against
H-2 determinants (Burakoff es al., 1976). However, only two groups
have achieved any success in inhibiting virus-specific T cells with antisera
specific for viral components (Koszinowski and Thomssen, 1975; Hale et
al., 1978). The general consensus (Blanden et al., 1976; Zinkernagel and
Doherty, 1979) is that such blocking is very difficult to achieve, a finding
that has led to some speculation concerning the nature of the virus-
immune T-cell repertoire. Teleologically at least, this seems rather
satisfactory, since the possibility that effector T cells might be prevented
from clearning virus from tissue by a concurrent antibody response
would be minimized.

Both we (Effros et al., 1979 and unpublished data) and Dr. T.J.
Braciale (personal communication) have had no success in blocking the
influenza-specific cytotoxic-T-cell response with either mouse or rabbit
antisera specific for viral HA determinants. However, recent experiments
using monoclonal antibodies synthesized by hybridomas produced in the
laboratory of Dr. W. Gerhard (Gerhard et al., 1978) clearly show that
virus-specific blocking can be achieved in the influenza system. The HA-
specific component of the cytotoxic-T-cell response can be almost totally
inhibited by monoclonal Ig, which binds only to viral HA determinants.

Thoracic duct lymphocytes (TDL) from mice infected with the A/
WSN (HAON1) strain of influenza virus are (for some reason that we do
not understand) very specific for the HAO antigen, whereas spleen cells
from the same mice are much more cross-reactive for targets infected
with other influenza A viruses. The lytic capacity of TDL is diminished
by as much as 80% by incorporating monoclonal Ig specific for HAO,
while the level of cytotoxic activity in the spleen cannot be decreased by
more than 40% (Effros et al., 1979). A typical experiment is shown in
Table 2. The concurrent presence of T cells with unpredicted specificity,
such as the cross-reactive population in the influenza response, may be
one reason antibody blocking has generally been difficult to achieve.

A further fascinating finding is that two monoclones specific for
HAO will block the lysis of virus-infected P815 (H-2K9%D9) targets by
B10.A(5R) (H-2K"-D%) immune T cells by as much as 90%, whereas lysis
by BALB/G (H-2K9%DP) T cells is not decreased at all (Frankel et al.,
1979). The level of inhibition for BALB/c (H-2K9-D%) T cells is inter-
mediate. Other monoclonal Ig preparations will block all three popula-
tions of cytotoxic T cells (Table 3). The implication of these findings is
that influenza-immune T cells operating in the context of H-2D4 may be
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concerned with different HAO components than lymphocytes functioning
in the context of H-2K9. This could reflect that there is some obligatory
association between viral and H-2 antigens if T-cell binding (or lysis) is
to occur (Zinkernagel and Doherty, 1974; Doherty et al., 1976a), and
that the viral component proximate to H-2D9 is different from that
involved at H-2K9. An alternative explanation is that there is a difference
in repertoire between the two T-cell subsets, the V gene (Eichmann,
1978; Binz and Wigzell, 1977) responsible for virus recognition in the
context of H-2DP being different from that operating at H-2K".

We may be able to gain some insight into the likelihood of either
possibility’s being correct by determining, using mutant viruses (Gerhard
and Webster, 1978) selected in the presence of a particular monoclonal
Ig as immunogens, whether lysis of target cells infected with the wild-
type virus is still blocked by the Ig used for immunoselection. This would
imply, if blocking is still achieved, that blocking is a steric phenomenon
and does not necessarily reflect precise competition between similar V-
gene products expressed on B cells and T cells.

TABLE 2. Inhibition of Virus-Immune
Cytotoxic-T-Cell Effector Function with
HA-Specific Hybridoma Ascitic Fluids

Specific 5!Cr release (%) in the
presence of antibody®

Immune H,,Cs H2/4B1
lymphocytes®

(100:1) - + %l - + %l
TDL 29 8 73 29 7 76
Spleen 19 12 37 19 14 26

¢ B10.D2 (K9-D% mice were primed with A/WSN
(HAON]) influenza virus and thoracic duct lympho-
cytes (TDL) were drained for 24 hr. Spleen cells were
taken on day 6.

b The P815 (K9-D?% target cells were infected with A/
WSN influenza virus. The cells were first held for § hr
at 37°C to allow virus expression. Medium containing
antibody was then added, followed by T cells, and the
assay was incubated for 4 hr.

¢ The hybridomas used were all from BALB/c (K9-D%)
mice, and grown in peritoneal cavities of BALB/c mice
to provide ascitic fluids containing high concentrations
of antibody specific for HA (Gerhard and Webster,
1978). A number of dilutions of ascitic fluid were tested,
and that showing maximal inhibition (%) is shown
here. The dilutions used ranged from 1:100 to 1:2500.
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TABLE 3. Inhibition of Influenza-Specific Cytotoxic-T-Cell
Activity? by an Antibody (H,sEs) to Viral HA in the Context of H-
2D But Not of H-2K¢

Specific *'Cr release (%)

Immune
TDL Target infected HisEs HisB,
(100:1) with A/WSN - + %l - + %l
BALB/c K?D¢ P815 K<D4 51 24 53 51 20 59
B10.A(5R) KtD? 14 8 43 14 1 93
BALB.G K4D? 20 22 0 20 13 35
C57BL/6J KbD? MC57G KbD? 23 17 27 23 16 30

¢ Mice were immunized with A/WSN (HON1) and the assay performed as described in
footnote b to Table 2. The dilutions of ascitic fluid used ranged from 1:100 to 1:2500,
the maximum level of inhibition (%) being shown in each case.

3. Negative Selection of Alloreactive Precursors

3.1. Rationale

A central question concerning the H-2-restriction phenomenon is
whether T cells can ever respond to virus presented in the context of H-
2 antigens not encountered during the process of physiological develop-
ment. The findings of Bevan and Fink (1978) and Zinkernagel (1978) with
radiation chimeras indicate that apart from alloreactivity, T-cell respon-
siveness is totally restricted to the spectrum of H-2 determinants en-
countered on radiation-resistant cells in the thymus. That is, chimeras
made by injecting (A X B)F, bone marrow into irradiated A recipients
can respond only to virus presented in association with A but not with
B. Recognition of A during the process of T-cell differentiation in thymus
may be considered to ‘‘drive’’ mutation with resultant selection of a T-
cell repertoire restricted to A (Bevan, 1977; von Boehmer et al., 1978),
or to select for T cells that have two distinct receptor specificities,
capable of recognizing A (H-2K or H-2D antigen) and virus, respectively
(Zinkernagel, 1978).

A third possibility (Doherty, 1978; Miller, 1978) is that the T-cell
repertoire that would operate in the context of B is in some way
suppressed, either as a result of specific deletion in the thymus or by
generation of suppressor-T-cell populations restricted to B. Experimental
evidence for positive (transferrable) suppression has not been forthcom-
ing (Fink and Bevan, 1978), but the possibility of deletion cannot be
discounted. It is thus legitimate to ask whether functionally mature T
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cells of type A can ever respond to virus presented in the context of a
third alloantigen (C), which is not encountered at any stage during
ontogeny.

The way to examine this is to first remove alloreactive (A anti-C)
precursor lymphocytes by some depletion mechanism, and then stimulate
these A lymphocytes with virus presented in the context of C. The
protocol that we have used for this purpose was first developed by Ford
and Atkins (1971), and has been used extensively by Sprent, Wilson, and
collegues (Wilson et al., 1977). Adult (A x C)F, mice are first irradiated
(950 rad) and injected intravenously 24 hr later with a large number of A
lymph node cells. Thoracic duct lymphoctyes (TDL) are then drained,
via a cannula inserted into the cisterna chylae, from 24 to 42 hr after cell
transfer. The alloreactive (A anti-C) precursors are all recruited to
lymphoid tissue, and do not appear in the TDL population. These
negatively selected (A_¢) T cells are then injected into a further set of
irradiated (A x C)F, recipients and stimulated with virus. Spleen cells
from these mice are assayed 6 days later for virus-immune cytotoxic-T-
cell activity in the context of both A and C.

3.2. Responsiveness in Allogeneic Situations

The influenza model proved unsuitable for experiments of this type.
The problem is that although it is possible to stimulate (H-2K*-D* x H-
2K"-DYF, influenza memory-T-cell populations in both H-2K*-D* and
H-2KP"-DP virus-infected recipients (Bennink and Doherty, 1978a), pre-
viously unprimed lymphocytes respond only in the context of H-2K*-Dk
and not of H-2KP-D® when sensitized in this way (Table 4). We do not
fully understand why this should be so. Though the general absence of
an influenza-specific response at H-2KP" is part of the explanation, there
is no obvious reason for the failure to stimulate at H-2DP (see Section
2.3). Such problems do not limit the use of the vaccinia model (Bennink
and Doherty, 1978a), so we adopted this system both for the aforestated
reason and becuase we wished to compare our results with findings from
chimera studies in which vaccinia virus was also the immunogen (Zink-
ernagel, 1978).

Only a limited number of mouse-strain combinations have been used
to date in these negative-selection experiments, principally because the
procedure is extremely tedious and not all H-2 haplotypes filter recip-
rocally. Stimulation in the context of shared H-2 alleles (such as H-2D¢
in Table 5) may be seen when the only homology between filtered T cell
and virus-infected, irradiated recipient is for the H-2 allelle with which
the cytotoxic-T-cell response is identified [for instance, H-2DP® in the
C57BL/6-B10.A(2R) combination (Bennink and Doherty, 1979)]. Either
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there is no need for I-region-restricted T-cell help (Zinkernagel et al.,
1978a) to be stimulated by house macrophages, as is the case for T-B
collaboration (Sprent, 1978), or there is some form of allogeneic effect
(Katz, 1972; Corley et al., 1978) mediated via the irradiated (950 rad)
recipient that obviates such help (Bennink and Doherty, 1978b, 1979).

The situation so far concerning specificity of negatively selected T
cells can be summarized quite briefly. Lymphocytes of the H-2K* D* or
H-2K%-D“ genotype cannot, after filtration and stimulation in appropriate
recombinant or F mice, be induced to recognize vaccinia virus presented
in the context of H-2K? (Bennink and Doherty, 1978a,b, 1979; Doherty
and Bennink, 1979), though they can be stimulated with H-2°-TNP
(Wilson et al., 1977). Similarly, H-2K?%D* T cells cannot be sensitized to
either H-2K“-vaccinia virus or H-2D?%-vaccinia virus (Table 5).

TABLE 4. Failure to Stimulate a Primary Influenza-Specific H-2°-
Restricted Response in Irradiated Recipient Mice

Specific 3!Cr release (%) (50: 1)®

L cells MC57G P815
KDk K°-D? KiD?
Source of cells

transferred 950-rad recipient mice* HK N¢ HK N HK N
(CBA x C57)F, (CBA x C5NF, 72 2 9 1 S 7
Kk-Dk x Kb-Db Cs7 0 3 0 0 0 2
CBA 83 3 4 0 4 6
Unirradiated mice? 73 3 29 6 10 12
(CBA x C57)Fle 82 3 1 1 10 3
CBA/J 15 5 26 0 9 9
C57BL/6J 10 6 4 0 84 1

B10.D2

¢ The recipients were irradiated, injected intravenously (i.v.) with 6 x 107 spleen and lymph node

cells 24 hr later, and dosed i.v. with HK (HA3N?2) influenza virus after a further 3 hr. Spleen cells

were assayed on day 5.

Effector : target ratio.

(N) Normal cells.

The (CBA x C57)F, controls were given HK (HA3N?2) influenza virus intraperitoneally, and had

not been previously exposed to any other influenza A virus. The other controls had all been

primed with one influenza A virus at least 2 months previously, and were challenged 5 days

before the assay with a serologically different influenza A virus. The response measured is thus

totally cross-reactive for all influenza-A-virus-infected cells (Effros et al., 1977, 1978).

¢ The influenza-specific lysis (Table 5) of the MC57G target cells by (CBA x C57)F, T cells is of
interest, and has also been found in three other experiments (unpublished data). The (CBA x
C57)F, does not respond to influenza virus presented in the context of H-2K® (see Section 2.3),
so the lysis detected here is associated with H-2D®. Yet (CBA x C57)F, mice do not generate
detectable cytotoxic activity specific for vaccinia virus-H-2D?, though the F, lymphocytes do
respond to vaccinia virus-H-2D?, if stimulated in irradiated C57BL/6J recipients. Thus, the
apparent rules governing level of responsiveness at H-2D? when presented with H-2K* (Zinker-
nagel et al., 1978b) seem to vary for vaccinia and influenza virus with the (CBA x CS7)F,,
though they are identical for the B10.A(2R) (Doherty et al., 1978).

A e o
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TABLE 5. Stimulation of Negatively Selected K®-D? T Cells in
Irradiated (K?-D? x K*-DP®)F, Recipients?

SRSV HTGSV 2RSV MC57G BALB/c

Kde KdDb Kka KbDb KdDd
E:T® Vacc.N Vacc.N Vacc.N Vacc.N Vacc.N
20:1 440 1213 00 490 660
40:1 460 2019 014 7011 640

¢ The B10.A(5R) T cells were first filtered through 950-rad (BALB/c x C57)F, mice, and then
stimulated with vaccinia virus in a further set of irradiated (BALB/c x C57)F, recipients.
Spleen cells were assayed 6 days later on virus-infected (Vacc.) and normal (N) target cells.
b (E : T) Effector : target ratio.

However, negatively selected T cells from H-2K% D4 and H-2K"-D"
mice can be stimulated to mediate strong cytotoxicity for vaccinia-
infected targets expressing H-2K* DX, One experiment is shown in Table
6. In other experiments, filtered BALB/c and B10.D2 T cells have been
primed in A/J and B10.A mice, and C57BL/6J T cells in B10.A(4R)
recipients. We do not yet know whether this ‘‘aberrant’’ response
(Doherty and Bennink, 1979) to H-2K%-vaccinia virus can be induced in
irradiated recipients that do not share at least one H-2 allele (mapping to
H-2D) (Bennink and Doherty, 1979) with the T-cell population. Even so,
it is quite clear that lymphocytes can, at least in this case, be sensitized
to vaccinia virus presented in the context of an H-2 allele not encountered
in the thymus (Doherty and Bennink, 1979; Bennink and Doherty, 1979).
There is also one experiment that indicates that H-2K%-D? T cells can be
primed to H-2K® vaccinia virus (Doherty and Bennink, 1979), but this
has not been repeated.

The capacity of H-29 and H-2" T cells to recognize vaccinia virus
presented in the context of H-2K* has been interpreted as reflecting two
possible alternative mechanisms (Doherty and Bennink, 1979; Bennink
and Doherty, 1979). One postulate is that a T cell with receptor units for
self H-2 and for neoantigen (X) may, because the two recognition
components can be made proximate or assembled into one large binding
site, be used in an ‘‘aberrant’’ way to interact with an antigenic entity
formed by association between vaccinia virus and H-2K*. The alternative
idea is that a vaccinia-virus-H-2K* ‘‘altered-self’’ complex is recognized
via a highly conserved, alloreactive T-cell repertoire (Jerne, 1971; Bell-
grau and Wilson, 1979), being common to BALB/c and C57BL/6 mice
that differ for both H-2 type and for non-H-2 genetic background.

A further set of experiments that need to be done is to find whether
H-2% and H-29 T cells can also be sensitized to influenza virus, or Sendai



THE DUAL SPECIFICITY OF VIRUS-IMMUNE T CELLS 49

virus, presented in the context of H-2K*. We would (if the ‘‘aberrant’’
stimulation of cytotoxic T cells turns out to be generally true for all
viruses encountered in association with H-2K*) probably need to abandon
the concepts discussed above and consider that virus-specific T cells
expressing a second, ‘‘physiological’’ receptor with higher affinity for H-
2K* than for H-2KP" or for H-2DP" exist in H-2" mice.

4. General Discussion

The dual specificity of H-2-restricted virus-immune T cells shows
evidence of considerable precision, both for virus and for H-2. We have
discussed specificity for H-2 at some length previously, and have spec-
ulated that the ‘‘self”’-restricted T cell may be using a binding site
(perhaps encoded by a single V gene) (Binz and Wigzell, 1977) from the
alloreactive repertoire for this purpose (Doherty et al., 1976b; Zinker-
nagel and Doherty, 1977). The great specificity for viral HA demonstrated
in the influenza model (see Section 2.2) must influence us toward the
viewpoint that viral antigen is also seen as a distinct entity, again,
perhaps, via a Vy gene shared with the B-cell repertoire. Thus, for

TABLE 6. Sensitization of Negatively Selected K?-D? T Cells
to K*-Vaccinia Virus?

Specific 5!Cr release (%) (20:1)

L cell BALB/c MC57G
Kka KdDd KDDD
Cells Vacc. N  Vacc. N Vacc. N
BALB/c T cells® stimulated

in 950-rad (C3H x DBA/

2)F, recipients 49 21 32 6 8 19
950-rad (C3H x DBA/2)F;* 0 0 0 0 - —
Unirradiated controls

(primed 6 days previously)

BALB/c 9 9 32 4 8 4

(C3H x DBA/2)F, 46 10 27 4 17 11

C57BL/6J 19 30 4 16 74 26

@ The BALB/c T cells were filtered through 950-rad (C3H x DBA/2)F, mice, and
1.5 x 107 TDL were stimulated for 6 days with vaccinia virus in a further set of
irradiated recipients.

These mice were irradiated and injected with vaccinia virus, but were not given
TDL.
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reasons of specificity alone, we are inclined toward the viewpoint that
the self-restricted T-cell recognition reflects the operation of two distinct
genetic elements, with affinity for H-2 antigen and viral components,
respectively. It is obvious, however, that these two recognition units are
in some way functionally linked, a necessity that has been the subject of
much speculation (Doherty et al., 1976b; Zinkernagel and Doherty, 1977,
Langman, 1978; Blanden and Ada, 1978; Zinkernagel, 1978). Does this
also require that there be an association between viral and H-2 antigen?

A central question to be dealt with concerns the lack of response
associated with H-2KP for all influenza A viruses tested so far, but not
for vaccinia virus or for Sendai virus (see Section 2.3). Thus, there is a
general defect in capacity to recognize both a variety of HA molecules
and the component recognized by the cross-reactive T-cell subset. The
difference between the viral HA molecules may be even greater than
that for different H-2 molecules. For instance, there is absolutely no
serological cross-reactivity between HAO and HA3. This seems to make
extremely unlikely the idea that there is a defect in T-cell repertoire
[failure to express concurrently the antiviral and anti-self receptor units
(see Section 2.3)]. The problem can, however, be approached from the
viewpoint that there is a failure of association between virus and H-2
antigen. The emphasis of this argument depends essentially on the nature
of the cross-reactive (influenza-A-specific but not HA-specific) response,
which we have not yet resolved.

One possiblility is that the cross-reactive T cells may be recognizing
a highly conserved region of the viral HA, which may be serologically
‘“‘silent.”” Arguments against this idea are that the conserved regions of
influenza A and B HA are as similar as, for instance, HAO and HA3 (see
Laver et al., 1977), but there is T-cell cross-reactivity only in the latter
case. Also, stimulating memory T cells with isolated HA induces gen-
eration only of HA-specific cytotoxic activity (Zweerink et al., 1977b).
This could, however, reflect incorrect orientation of the HA molecule
when supplied in a form extrinsic to the stimulator cell. The HA
molecules and H-2 could be considered to make a constant association,
during the normal process of virus synthesis and budding, which would
then be recognized by the cross-reactive T-cell subset. The same asso-
ciative event would also bring the unique determinants of HA sufficiently
close to the H-2 molecule for recognition by the HA-specific subset to
occur. The general failure in response to influenza A virus associated
with H-2KP could thus reflect absence of one associative interaction. The
fact that monoclonal Ig (see Section 2.4) specific for influenza HA
determinants blocks the virus-specific, but not the cross-reactive, T-cell
subset could simply reflect the distance between the two viral determi-
nants on the HA molecule.



THE DUAL SPECIFICITY OF VIRUS-IMMUNE T CELLS 51

The alternative idea, that the cross-reactive T-cell subset recognizes
the viral M protein, requires the adoption of a somewhat different
concept. The argument here would be that there is a defect in the
capacity of the H-2 molecule to associate with the virus as a whole.
Perhaps, as may be the case in the Friend virus model (Bubbers et al.,
1978), the H-2 molecule needs to be incorporated into the virus particle
before any viral component can be seen in an H-2-restricted way.

The antibody blocking experiments (see Section 2.4) also provide
some indication that there may need to be an association between viral
HA and H-2. The fact that at least one monoclonal Ig specific for viral
HA blocks HAO-specific cytotoxic-T-cell activity in the context of H-
2D4, but not of H-2K9, may reflect that the point of association (and
thus the proximity of the relevant determinants) of the HA and H-2
determinants differs for the K¢ and D? molecules. The alternative is that
there is a difference in the HA-specific T-cell repertoires for lymphocytes
operating at K-end and D-end.

The fact that the negatively selected H-2K%-D4 and H-2K®>-D® T
cells can be induced to recognize vaccinia virus presented in the context
of H-2K¥ (see Section 3.2) also tends toward the idea that the virus and
the H-2 may be associated. Either H-2K*-vaccinia virus is seen as an
alloantigen or a compound receptor specific for self (H-2° or H-2%) and
some other antigenic determinant may interact in an ‘‘aberrant’” way
with an H-2 K¥-vaccinia virus complex (Doherty and Bennink, 1979). The
latter form of interaction may be considered to occur only if the two
recognition units, on the one hand, and the virus and H-2, on the other,
can be made proximate. However, the possibility that this phenomenon
is not restricted to vaccinia virus, and may thus reflect cross-reactivity
on the part of some ‘‘self’’-recognition structure, is yet to be investigated
(see Section 3.2).

The situation at present is thus not totally unlike that in late 1975,
when we first reviewed the H-2 restriction of virus-immune T cells
(Doherty et al., 1976a), though the field has moved very rapidly since
then. Many phenomena can best be explained by postulating that there
needs to be an association, however transient or tenuous, between virus
and H-2 molecules. Whether this reflects solely the biochemical natures
of the molecules themselves, the need for the virus particle and H-2 to
associate in some general way, or the capacity of the cytotoxic T cells to
reorient separate structures on the target-cell membrane is far from clear.
For instance, does the differential blocking (see above) of HA-specific
cytotoxic-T-cell function with monoclonal antiviral Ig reflect binding near
the point of association between virus and H-2, or that virus with bound
Ig cannot be brought into apposition with the H-2?

Many of our concepts may be too rigidly stated. We must bear in
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mind that we are considering interactions between cell surfaces, probably
mediated via a number of repeated recognition units that may be quite
mobile in the plasma membrane. The rules that govern enzyme—-substrate
reactions, or antigen—antibody reactions, thus need to be transposed to
this seemingly more gross context. There is probably validity in both the
‘“‘altered-self’” and the ‘‘dual-recognition’’ concept. Either could operate
in a particular circumstance. The problem may be more etymological
than immunological, being as much a concern of cell-surface geographers
(Bourguignon et al., 1978) as of biochemists.

5. Summary

The experiments described herein address the question of dual
specificity of cytotoxic T cells for virus and for H-2. Influenza-immune
T cells may distinguish between viral hemagglutinin (HA) and H-2
molecules with a discriminatory capacity at least equivalent to that found
for B cells. However, there are also other influenza-immune T-cell
subsets that, though H-2-restricted, were not predicted from our knowl-
edge of antibody response in this disease. It is thus surprising that
general low or nonresponsiveness is recognized for all influenza A viruses
presented in the context of a particular H-2 allele (H-2K?), even though
the viral HA molecules may differ from each other to the extent that
there is absolutely no serological cross-reactivity between them. Effector-
T-cell function specific for the influenza HA can be blocked with
monoclonal Ig directed against the HA molecule. Furthermore, at least
one of these Ig preparations greatly inhibits HA-specific cytotoxic T-cell
activity in the context of H-2D? but not of H-2K9. The problem of T-cell
specificity for H-2 is approached using negative-selection protocols to
allow stimulation (with vaccinia virus) of lymphocyte populations acutely
depleted of alloreactive capacity in the context of H-2 antigens not
encountered during ontogeny. Both H-2K"-D? and H-2K-D? T cells can
be sensitized to H-2K¥-vaccinia virus, but the converse does not occur.
Possible implications of these experiments for models of T-cell recogni-
tion are discussed.

NOTE ADDED IN PROOF. Two important sets of experiments have been
done since this article was written. Studies with monoclonal antibodies
which bind to the influenza virus matrix (M) protein have failed to
confirm that there are significant amounts of M protein on the surface of
the virus-infected cell (Gerhard et al., 1980). This could either reflect
that the monoclonal Ig populations tested recognize determinants on the
M protein that are embedded in the plasma membrane, or that the
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specificity of the antiserum used for the original studies is suspect. The
latter seems more likely to be true. Evidence that the HA molecule is
recognized by the cross-reactive T-cell subset is now available from the
experiments of Koszinowski et al. (1980), who found that target cells
sensitized with isolated HA incorporated into liposomes were readily
lysed by the heterospecific cytotoxic T lymphocytes (CTL). Thus, it now
seems very likely that the cross-reactive CTL are recognizing the viral
HA molecule.
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Hapten Recognition by Cytotoxic
T Cells

The Modifying Influence of the
Major Histocompatibility Complex

Christopher S. Henney, Zuhair K. Ballas, and
Keiko Ozato

1. Introduction

The observation by Shearer (1974) that cytotoxic lymphocytes could be
generated against hapten-modified surfaces of syngeneic cells has served
as the platform from which many recent studies on the specificity of
recognition by effector T cells have been launched. Shearer’s observa-
tions have had a twofold impact: (1) they provided, for the first time, the
possibility of raising cytotoxic T lymphocytes (CTL) against a defined
hapten; and (2) they revealed that lysis of haptenated cells was restricted
by the major histocompatibility complex (MHC), in that in murine
systems, the effector and haptenated target cell had to share H-2K and/
or H-2D haplotypes for lysis to occur (Shearer, 1974; Forman et al.,
1977a,b). This MHC restriction of hapten-specific T killer cells is widely
regarded as analogous to similar restriction that exists for cytotoxic cells
directed against viral antigens (Zinkernagel and Doherty, 1974), minor
histocompatability antigens (Bevan, 1975), and H-Y antigens (Gordon et
al., 1975).

The studies to be described herein were initiated in an attempt to
define the fine specificity of recognition by MHC-restricted CTL directed
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against the haptens dinitrophenol (DNP) and trinitrophenol (TNP). In
particular, we were interested in asking whether products of the MHC
gene complex on the surface of the target cell needed to be chemically
modified by hapten for the cell to be susceptible to attack, or, alterna-
tively, whether the hapten and MHC gene products could be separately
presented on the cell surface. This is clearly one way of addressing the
issue of whether effector T cell-target cell interactions involve the
separate, ‘‘dual’’ recognition of hapten and MHC product(s) or the
simple recognition of altered ‘‘self’’ determinants. Answers to this
question are, of course, of fundamental importance in defining the nature
of antigen recognition by T cells.

The experimental approaches we chose to employ were twofold: (1)
to introduce hapten onto the cell surface by cell fusion with haptenated
liposomes (Ozato et al., 1978) and (2) to incubate unmodified target cells
with haptenated proteins, and thus to display hapten on the cell surface
in the form of passively adsorbed protein (Schmitt-Verhulst et al., 1978).
These approaches, both of which lead to hapten display on the cell
surface without chemical modification of MHC products, allow one to
ask, furthermore, whether the ‘‘triggering’’ of cytotoxic cell differentia-
tion in primary cultures has different antigenic requirements than those
that must be displayed on the target cell for it to be susceptible to attack
by differentiated effector cells.

2. Materials and Methods

2.1. Preparation of Liposomes

In preparing the liposomes, 2 mg chicken egg yolk phosphatidylcho-
line (EYPC) or 2 mg dipalmitoylphosphatidylcholine (DPPC) (Calbi-
ochem, San Diego, California) dissolved in chloroform-methanol (2:1)
were mixed with 10% (wt./wt.) phosphatidylethanolamine (PE) in glass
tubes. The solvent was removed under nitrogen, and 2 ml Hanks’
balanced salt solution (HBSS) was added to the dried lipid. The mixtures
were allowed to stand for 10 min at room temperature (45°C for DPPC
liposomes), vigorously vortexed for 3 min, and subjected to ultrasoni-
cation (Sonifier, Heat Systems Ultrasonic Model 75-D, Plainview, New
York) for 10 min at 4 watts. Sonication was performed in ice for EYPC
liposomes and at 40-45°C for DPPC liposomes.

Dinitrophenylated liposomes (Six et al., 1973; Yasuda et al., 1977)
were formed with dinitrophenylaminocaproylphosphatidylethanolamine
(DNP-Cap-PE) or dinitrophenylphosphatidylethanolamine (DNP-PE)
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(both obtained from Avanti Biochemicals, Birmingham, Alabama) in
place of PE. Trinitrophenylated liposomes were prepared by incubating
unsubstituted liposomes [2 mg lipids/ml phosphate-buffered saline (PBS)]
with 10 mM 2,4,6-trinitrobenzene sulfonic acid (TNBS) at 37°C for 30
min at pH 8.5. Unreacted TNBS was removed by passing 1 ml of the
liposome suspension through a Sephadex G-75 column (9 X 500 mm)
equilibrated with PBS at pH 7.4.

Liposome uptake by P815 mastocytoma cells was studied with
dinitrophenylated liposomes comprised of either EYPC or DPPC and
containing trace amounts of [H]dioleyl phosphatidylcholine (PC) or [3H]-
DPPC, respectively. In this experiment, 2 X 10 cells were incubated
with 0.5 ml liposome dispersion containing 0.25 mg lipids in 12 X 75 mm
glass tubes for 60 min at either 37 or 0°C. After incubation, cells were
washed three times with PBS, transferred to new tubes, and then
solubilized in 10% Triton X-100. The specific activity of the liposomes
employed was 8—10 x 10° cpm/ug lipid. Further details of the liposome
preparation and of the uptake assay are described elsewhere (Ozato et
al., 1978; Huang et al., 1978).

2.2. Preparation of Haptenated Bovine Serum Albumin

Bovine serum albumin [BSA (Fraction V, Sigma, St. Louis, Mis-
souri)], 40 mg, was mixed with equal amounts of sodium carbonate and
2,4-dinitrobenzene sulfonic acid [(DNBS) Eastman Kodak, Rochester,
New York] in 2 ml distilled water and incubated at 37°C overnight in the
dark. Spectrophotometric analysis (Little and Eisen, 1967) revealed that
such reaction conditions yielded approximately 19 mol DNP/mol BSA.

TNP-proteins were prepared by dissolving the proteins [bovine, -
globulin (BGG), BSA, human serum albumin (HSA), and keyhole limpet
hemocyanin (KLH)] in 0.4 M borate buffer pH 9.0 at an initial concen-
tration of 20 mg/ml. The resulting solution was mixed with equal volumes
of 40 mM TNBS dissolved in the same buffer. The reaction was carried
out overnight at 37°C and then dialyzed exhaustively against PBS, pH
7.4, at 4°C in the dark. Calculations of TNP derivatization were based on
the value of 1.54 x 10* as the molar extinction coefficient of TNP-lysine
at 348 nm. Reactions as described usually resulted in substitution of
40-50 mol/mol for BGG and HSA and 30-40 mol/mol for BSA. For
preparation of HSA preparations bearing a variety of substitutions, the
reaction was carried out as described above except that decreasing
concentrations of TNBS (down to 1 mM) were added to a constant (20
mg/ml) concentration of HSA.
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2.3. Purified Anti-DNP Antibody

Rabbit anti-DNP antiserum was prepared by hyperimmunization
(four intramuscular injections of 1 mg each in complete Freund’s adjuvant
at 2-week intervals) with maximally substituted dinitrophenylated KLLH
(50-100 mol/mol). Specific anti-DNP antibody was obtained by passing
the antiserum (20 ml) through an immunoabsorbent column (9 X 230 mm)
prepared with Sepharose 2B coupled with DNP-HSA. After extensive
washing with borate-buffered saline, pH 8.0, antibody was eluted with
glycine-HCI buffer, pH 3.0. The eluted material, after neutralization with
a Tris-HCI buffer, pH 8.0, was concentrated, dialyzed against PBS, pH
7.4, and stored at —20°C. The preparation has been previously described
(Ozato and Henney, 1978b).

2.4. ['®1}-Anti-DNP Antibody

The anti-DNP antibody prepared as described above was labeled
with %] by the method of Hunter and Greenwood (1962). In this
procedure, 75 ug antibody protein in 25 ul HBSS was reacted with 2
mCi ‘‘carrier-free’” Na'?»l (New England Nuclear, Boston, Massachu-
setts). The mixture was diluted in 1 ml PBS containing 4 mg/ml KI and
50 mg/ml BSA and the '*I-labeled protein eluted from a Sephadex G-25
column (9 x 600 mm) equilibrated with PBS, pH 7.5, and containing 2%
BSA.

2.5. Membrane-Vesicle Preparation

Membrane-vesicle preparations from spleen cells were prepared
according to the method of Svehag and Schilling (1973). Spleen cell
suspensions, freed of erythrocytes by incubation with 0.84% NH,CI,
were treated with 10 mM TNBS at 37°C for 10 min, suspended in 2 ml
HBSS, and sonicated (4 watts, 4 min) in an ethanol-ice bath. The
materials so produced were centrifuged at 1100 ¢ for 10 min at 8°C to
remove nuclei and mitochondria. Supernatants were subjected to ultra-
centrifugation (Beckman Instruments, Palo Alto, California, Model L2-
65B) at 140,000 g for 60 min at 4°C. The resulting pellets were dissolved
in PBS containing 1 mM Ca?*, and 1 mM Mg?*, and were resonicated for
1 min at 0°C. A similar preparation was prepared from nonhaptenated
spleen cells. All samples were estimated for protein content by the
method of Lowry et al. (1951) and were stored at —20°C before use.
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2.6. Binding of ['#°I]-Anti-DNP Antibody to Haptenated Cells

125].anti-DNP antibody was diluted in RPMI 1640 (GIBCO, Grand
Island, New York) containing 1% BSA and 100 ug/ml heated (63°C, 20
min) human vy-globulin. Cells treated with various reagents to induce
DNP display were transferred into glass tubes (2 x 10° cells/tube),
incubated at 4°C for 40 min with 400 ul of the aforementioned antibody,
and then washed extensively. The specific activity of the antibody
preparation used was 20-40 x 10* cpm/ug anti-DNP antibody.

2.7. C-Mediated and K-Cell-Mediated Cytolysis

P815 cells (2 x 109 were prelabeled by incubation (30 min, 37°C)
with Na,*'CrO, (New England Nuclear) and haptenated by the procedures
described above. After extensive washing, 2 x 10* cells in 100 ul were
transferred to a U-bottomed microtiter plate (Linbro Scientific, Hamden,
Connecticut) and incubated with various concentrations of purified anti-
DNP antibody diluted in RPMI 1640 containing 10% fetal calf serum
(FCS) for 10 min at room temperature. Fresh rabbit serum (100 wl diluted
to 12% in the medium described above) or human peripheral lymphocytes
(4 x 10° cells in 100 ul) were then added to assess C-mediated or K-cell-
mediated cytolysis, respectively. For the C-mediated assay, cells were
further incubated for 40 min at 37°C; for K-cell-mediated lysis, cells were
incubated for 4 hr at 37°C. The percentage of specific lysis was calculated
as follows:

-N

x 100
- N

Specific lysis (%) =1;,

where A is the *!Cr released in the presence of antibody, T is the total
lysis obtained by freezing and thawing target cells through two cycles,
and N is the *'Cr released in the absence of antibody.

2.8. Generation of Hapten-Specific Cytotoxic Responses.

Primary hapten-specific cytotoxic cells were generated in vitro
according to the method of Shearer (1974). To achieve this, 107 mouse
spleen cells (DBA/2, C57BL/6, AKR, and CBA strains obtained from
Jackson Laboratory, Bar Harbor, Maine) were treated with 15 mM
DNBS in HBSS, pH 7.8, for 30 min, 37°C, or with 10 mM TNBS for 10
min in PBS, pH 7.4, at 37°C. Treated cells were washed three times with
RPMI 1640, and 2 x 106 cells were used to stimulate 107 responder
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spleen cells in 2 ml RPMI 1640 containing 10% FCS, 5 x 107> M 2-
mercaptoethanol, and supplemented with 40 wg/ml of gentamycin (Scher-
ing Corp., Kenilworth, New Jersey). Cultures were carried out in 17 X
100 mm plastic tubes (Falcon Plastics, Oxnard, California) for 5 days at
37°C in an atmosphere of 5% CO, and humidified air. In some experi-
ments, 7 X 10% mouse spleen cells (CBA or C57BL/6 strain) were
incubated either with soluble protein or TNP-protein antigens at 100 g/
ml or with 2 X 10% syngeneic spleen cells treated with varying concen-
trations of TNBS (as indicated in Section 3.2) in 2-ml volume in 24-well
culture plates (Linbro Chemical Company, New Haven, Connecticut).
At the end of culture, cells were harvested, and viability was assessed
by erythrocin B exclusion. Such populations were used as effector cells
in cytotoxicity assays.

2.9. T-Cell Mediated Cytolytic Assays

P815 mastocytoma cells (H-29 and EL4 lymphoma cells (H-2")
maintained in ascites form in DBA/2 and C57BL/6 mice, respectively,
were used as target cells for evaluating cytotoxic responses. In some of
the studies, as noted, targets were also prepared from mouse spleen cells
stimulated with lipopolysaccharide [(LPS) Difco Labs, Detroit, Michigan]
at a final concentration of 10 ug/ml for 3 days. All target cells were
labeled with Na,’'CrO,. Some were then treated with either 15 mM
DNBS (30 min, 37°C in HBSS, pH 7.8) or 10 mM TNBS (10 min, 37°C,
PBS, pH 7.4). When target cells bearing TNP-proteins were used, spleen
cell “‘blasts’’ were labeled with Na,?'CrQ,, then incubated with the TNP-
proteins at a cell density of 10%ml and a final TNP-protein concentration
of 1 mg/ml for 90 min at 37°C. The target cells were placed in V-bottomed
microtiter plates, and various concentrations of effector lymphocytes
were added. The cultures were incubated at 37°C for 4 hr, the plates
were centrifuged briefly, and an aliquot of the supernatant was then
collected and assessed for radioactivity by gamma ray spectrometry.
Cytolysis was estimated according to the following formula:

A-N

x 100
T-N

Cytolysis (%) =

where A is the 3'Cr release in the presence of effector cells, N is the 3'Cr
release in the presence of normal lymphocytes, and T is the total lysis
obtained after two cycles of freezing and thawing.
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3. Results

3.1. Hapten Presentation on Target Cells after Direct Chemical
Modification and after Interaction with Dinitrophenylated
Liposomes and Dinitrophenylated Protein

P815 mastocytoma cells were incubated with DNP-containing lipo-
somes of varying composition, and the display of cell-surface-associated
hapten was then assessed both by ['?°I]-anti-DNP antibody binding and
by measuring the susceptibility of the cells to lysis by complement and
by human K cells in the presence of anti-DNP antibody. Two types of
liposomes were used in such studies: those composed of egg yolk
phosphatidylcholine (EYPC) and those containing dipalmitoylphospha-
tidylcholine (DPPC). In both cases, the liposomes additionally contained
10% (wt./wt.) of either phosphatidylethanolamine (PE) or the haptenated
derivative DNP-caproylphosphatidylethanolamine (DNP-Cap-PE). To
encourage optimal liposome—cell interactions, we made use of previous
observations (Huang et al., 1978) and incubated EYPC liposomes with
the cells at 37°C and DPPC liposomes at 0°C.

The amount of hapten transferred to the P815 cell surface following
incubation with liposomes was quantitatively compared with that elicited
by direct dinitrophenylation of the cell surface [using 2,4-dinitrobenzene
sulfonic acid (DNBS)] and with that obtained by incubation of the cells
with dinitrophenylated bovine serum albumin (DNP-BSA).

Incubation with DNP-liposomes of either composition resulted in
efficient hapten transfer to P815 cells as indicated by ['?5I]-anti-DNP-
antibody-binding criteria and by enhanced susceptibility of the cells to
complement and to K-cell-mediated cytolysis in the presence of anti-
DNP antibody (data for DPPC-containing liposomes are shown in Table
1). By each of these criteria, the degree of hapten transfer to the tumor
cell surface was greater following incubation with DNP-bearing liposomes
than was observed, under the experimental conditions employed, for
direct surface modification (15 mM DNBS, 30 min, 37°C) or following
incubation with DNP-BSA (1 mg/ml, 90 min, 37°C). Hapten transfer to
P815 cells was observed with both EYPC and DPPC liposomes at
concentrations between 0.5 and 2.0 mg lipid/ml. Concentrations of
liposomes above 3.0 mg/ml impaired cell viability.

The association of dinitrophenylated liposomes with P815 cells was
further studied using 3H-labeled liposomes. Following incubation of P815
cells (2 x 105%ml) with 1 mg/ml DNP-Cap-PE-EYPC (60 min, 37°C), the
cell-associated lipid was 1.5 pg/cell (9.6 x 107 DNP molecules/cell). Over
the same incubation period at 0°C, using DPPC liposomes, 2.6 pg lipid/
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TABLE 1. Hapten Presentation on P815 Cells Following
Incubation with Haptenated Proteins and Haptenated

Liposomes?
. Specific lysis (%) by
[‘25.I]~ant1-DNP anti-DNP antibody
antibody bound and:
Treatment (cpm X 107%
of cells 2 x 10° cells) Complement K cells
Untreated S1+4 2.0 3.0
DNP-liposomes 855 + 18 29.0 19.0
Liposomes (unhaptenated) 48 + 3 0.5 0.1
DNP-BSA 915 11.0 14.0
BSA 47 =2 2.0 1.0
DNBS 107 = 9 10.0 11.0

@ Data amended from Ozato and Henney (1978). In this experiment, 2 x 10° P815
cells were incubated with DNBS (15mM, 30 min, 37°), with DNP-BSA or BSA
(1 mg/ml, 90 min, 37°C), or with 1 mg/ml liposomes (30 min, 37°C). Two sets of
liposomes were used with equivalent results: those composed of EYPC and 10%
(wt./wt.) PE and those composed of DPPC and 10% PE. To obtain DNP-liposomes,
DNP-Cap-PE was substituted for PE. The data shown are for PE-DPPC and DNP-
Cap-PE-DPPC. The specific activity of the ['**I}-anti-DNP antibody used was 25
X 10* cpm/ug antibody. The anti-DNP antibody concentration used for lysis by
rabbit complement was 25 ug/ml; that for K-cell-mediated lysis, 8 ug/ml.

cell (16.6 x 107 DNP molecules/cell) was measured. Under similar
experimental conditions, DBA/2 mouse splenocytes took up approxi-
mately 20% of the amount of liposomes that became associated with
P815 cells, a value similar to that we have previously obtained with
human lymphocytes (Ozato et al., 1978).

The persistence of hapten delivered to the P815 cell surface following
incubation with DNP-liposomes was then assessed. Mastocytoma cells
were incubated with DNP-Cap-PE-EYPC (or the corresponding DPPC
liposomes) for 60 min at 37°C (0°C for DPPC) and the lysis by anti-DNP
antibody and rabbit complement measured using a portion of the cells.
The remainder of the cells were incubated at either 0 or 37°C for periods
up to 3 hr and the susceptibility to complement lysis reassessed. As can
be seen in Table 2, there was little decrease in the amount of 3Cr
released in the presence of complement after the 3-hr incubation period,
suggesting that the DNP transferred to the cell surface following inter-
action with liposomes was not transiently expressed. Indeed, in further
studies, not shown, P815 cells incubated with DNBS or DNP-BSA and
then cultured for a further 3 hr often showed a considerable decrease in
their susceptibility to C attack; P815 cells preincubated with DNP-
liposomes showed no such decline. In these same studies, we have
observed that lymphocytes incubated with DNP-bearing liposomes also
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TABLE 2. Persistence of DNP Determinants on
Target Cells?

51Cr release (%) by anti-
DNP+C

After 3 hr
at:

Hapten transferred by:  Immediately 0°C  37°C

Untreated 2 2 2
DNP-liposomes 21 22 18
DNP-protein 10 7 6
DNBS 10 6 4

a DNP hapten was transferred to P815 cells (as in Table 1), and
susceptibility to lysis by anti-DNP antibody in the presence of
rabbit complement was assessed either immediately or after 3
hr at 0 or 37°C.

displayed hapten for prolonged (> 6-hr) periods (Ozato and Henney,
1978).

Since hapten-bearing lipids, in the form of liposomes, could be used
to transfer hapten to the surface of both lymphocytes and mastocytoma
cells, and since the hapten thereby transferred was accessible for a
period of at least several hours, we asked whether such cells could elicit
a hapten-specific cytotoxic response in syngeneic spleen cell cultures.

3.2. Generation of a Primary Hapten-Specific Cytotoxic Response
in Vitro Using a Variety of Hapten-Bearing Stimulator Cells

Normal DBA/2 spleen cells were incubated with DNP- (or TNP-)
liposomes containing either EYPC or DPPC and 10% (wt./wt.) of the
appropriate PE (see Section 2.1). For this step, 107 spleen cells in 0.5 ml
Hanks’ balanced salt solution were incubated with 0.01, 0.05, 0.1, 0.5, 1,
or 2 mg lipid/ml; the cells were then washed and 2 x 10° cells added to
107 normal DBA/2 spleen cells. The cells were cocultured for 5 days at
37°C, and the cytotoxic activity generated was assessed using syngeneic
P815 or allogeneic, EL4, cells modified with DNBS [or 2,4,6-trinitroben-
zene sulfonic acid (TNBS)]. As controls for these experiments, DBA/2
spleen cells directly modified by treatment with 15 mM DNBS (30 min,
37°C) [or with 10 mM TNBS (30 min, 37°C)] were used as stimulator
cells. Furthermore, DBA/2 spleen cells incubated with 0.5-2 mg/ml
DNP-BSA [or 0.5-1.5 mg/ml trinitrophenylated (TNP)-BSA)] at 37°C for
90 min were also assessed for their ability to stimulate a hapten-specific
cytotoxic response.
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Typical results from these studies are shown in Fig. 1. Using
stimulator cells that had been directly chemically modified, demonstra-
ble cytotoxic responses were seen over the concentration range 0.1-15
mM TNBS and 10-20 mM DNBS, the optimal concentration varying
with the mouse strain employed. The responses to TNBS-modified cells
were usually greater than to DNBS-modified cells. In both cases, the
cytotoxicity elicited was hapten-specific and showed a strong syngeneic
preference, both points as previously described (Shearer, 1974; Forman,
1977). Thus, cells raised against TNBS-treated stimulator cells lysed
TNBS-modified targets effectively, but caused no significant lysis of
DNBS-modified targets and vice versa. Further, DBA/2 effector cells
lysed haptenated P815 cells but did not kill haptenated EL4 cells (Fig.
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Figure 1. Attempts to raise CTL responses against stimulator cells incubated with
haptenated liposomes and haptenated proteins. Left: DNP response. DBA/2 spleen cells
were stimulated with syngeneic lymphocytes treated with 15 mM DNBS for 30 min; with
lymphocytes incubated for 90 min at 37°C with 1 mg/ml DNP-BSA, or with syngeneic
lymphocytes incubated with 0.5 mg/ml liposomes for 1 hr at 0°C (DPPC-liposomes) or 37°C
(EYPC-liposomes). Right: TNP response. As for DNP response, except that 10 mM TNBS
for 10 min and corresponding TNP-liposomes and TNP-BSA (0.5 mg/ml) were used. All
cultures were terminated after 5 days and the cytotoxic response toward DNBS- or TNBS-
treated P815 cells assessed in a 4-hr assay. In the experiment shown, the percentage of
spontaneous release was 1.5%/hr for both DNP and TNP P81S5 target cells. As specificty
controls, allogeneic EL4 target cells modified with TNBS or DNBS in a manner identical
to that used for P815 cells were employed. The percentage of spontaneous release from
these target cells was in the range of 2—4%/hr. From Ozato and Henney (1978), with
permission of the Williams and Wilkins Co.
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1), whereas C57BL/6 effectors lysed haptenated EL4 cells effectively,
but lysed haptenated P815 cells to a much lesser extent (data not shown).
In these studies, spleen cells incubated with TNP-BSA elicited a
significant cytotoxic response in both strains (DBA/2 and C57BL/6),
confirming the recent observations of Schmitt-Verhulst et al. (1978).
Furthermore, cells incubated with DNP-BSA were also capable of
eliciting a hapten-specific cytotoxic response with a preference for
syngeneic target cells. This response was, in these strains, always
significantly less than that observed with DNBS-treated cells and was
more readily demonstrated using DBA/2 responder cells than with
C57BL/6 cells. As will be demonstrated later, much greater reactivity
was induced by haptenated proteins when they were tested with the
CBA and AKR strains. In our more recent studies using TNP-proteins,
we have observed only weak cytotoxic activity in DBA/2 and C57BL/6
spleen-cell populations (Table 3) (also unpublished observations of Ballas
and Henney, 1979). Indeed, strong cytotoxic responses to haptenated
proteins have been routinely observed only in mice of the H-2* haplotype.
Detailed studies in these strains of mice are shown in Table 3. The data
shown are in keeping with those described in Fig. 2 and with the
observations of Schmitt-Verhulst er al. (1978) that CTL induced by
haptenated proteins are both hapten-specific and MHC-restricted.

In contrast to the stimulatory capacity of spleen cells incubated with
haptenated proteins, cells incubated with haptenated liposomes uniformly
failed to elicit cytotoxicity. This was true of EYPC- and DPPC-containing
liposomes bearing either TNP or DNP haptens and covered a large range
of liposome concentrations. The results using DBA/2 cells are shown in
Fig. 1; similar findings have also been made using C57BL/6 spleen cells.
In other studies, we have used liposomes in which DNP was coupled
directly to PE without a caproic acid ‘‘spacer.’’ Cells treated with such
liposomes bore DNP but did not elicit hapten-specific cytotoxic responses
(data not shown). In other studies, we have exposed DBA/2 spleen cells
to haptenated liposomes at daily intervals throughout a 5-day culture
period without inducing demonstrable cytotoxic responses.

3.3. Target Cells “‘Haptenated” by Various Procedures: Their
Susceptibility to Lysis by H-2-Restricted, Hapten-Specific
Cytotoxic T Lymphocytes

Although cells incubated with hapten-bearing liposomes did not
stimulate hapten-specific cytotoxic responses, we considered it possible
that such cells could serve as targets for hapten-specific cytotoxic T
lymphocytes (CTL). To test this hypothesis, P815 cells were ‘‘haptenat-
ed,”” as previously, either by direct surface modification using DNBS (or
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TABLE 3. Induction and Specificity of Cytotoxic Cells Generated by
Stimulation with Haptenated Proteins?

Specific cytolysis (%) of spleen cells

H-2k H-21 H-2°
TNBS TNBS TNBS TNBS

Responder Stimulator AKR AKR CBA CBA DBA/2 DBA/2 (C57BL/6 C57BL/6
CBA TNBS-CBA 4 75 0 90 0 0 0 7
TNP-HSA — - 0 66 — —_ 0 0
TNP-BGG 2 51 3 43 0 5 — —
AKR TNBS-AKR 0 95 0 97 0 11 — —
TNP-BGG 0 29 0 27 0 0 — —
C57BL/6 TNBS-C57BL/6 —_ —_ 0 19 — — 2 58
TNP-HSA — — 0 0 — — 0 25

¢ Spleen-cell suspensions were prepared and cultured with the indicated TNP-protein at final concen-

trations of 100 ug/ml or at 2:1 ratios with irradiated syngeneic spl cells treated with 1.0 mM

TNBS for 10 min at 37°C. After 5 days, the cultures were harvested, washed, and incubated with
SiCr-labeled targets at an effector/target-cell ratio of 20 : 1 for 4thr. The target cells were incubated
with 10 ug/ml LPS for 3 days prior to 3'Cr labeling.

TNBS), by incubation with DNP- (or TNP-) BSA, or by incubation with
hapten-bearing liposomes composed of EYPC or DPPC. The lysis of
these cells by CTL obtained by culturing DBA/2 spleen cells with
syngeneic DNBS- (or TNBS-) modified spleen cells, was then measured.
The results are shown in Fig. 2. As can be seen, target cells incubated
with haptenated BSA became susceptible to cytotoxic attack. The
concentrations of haptenated BSA necessary to render target cells
susceptible to hapten-specific cytotoxic attack were of the same order
(= 1 mg/ml DNP-BSA; 300-500 wg/ml TNP-BSA) as those needed to
stimulate Kkiller-cell production in primary cultures.

In contrast to what was seen with target cells bearing haptenated
proteins, target cells incubated with haptenated liposomes (range 0.01-2
mg lipids/ml) were insusceptible to lysis by either DNP- or TNP-specific
killer cells. The replacement of DNP-Cap-PE by DNP-PE did not change
this negative result. It was considered possible that spleen cells treated
with hapten-bearing liposomes might generate Killer cells with a specific-
ity restricted to liposome-treated target cells. This possiblity was ex-
plored extensively, using a variety of liposome preparations, but no
evidence in support of the contention has been obtained.

In an attempt to explore the fine specificity of the CTL induced
following incubation with TNP-proteins, we asked whether such cells
could lyse targets bearing haptenated proteins other than those used to
elicit the cytotoxic response. In this approach, we were interested in
asking whether CTL recognized hapten only in the context of the protein
‘‘backbone’’ used for sensitization, as Benacerraf and Gell (1959) had
classically shown to be the case for another T-cell-mediated phenomenon:
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Figure 2. Susceptibility of haptenated target cells to syngeneic hapten-specific cytotoxic
cells. Left: Anti-DNP response. Right: Anti-TNP response. 5!Cr-labeled P815 target cells
were treated with various haptenic reagents, and their susceptibility to hapten-specific CTL
of DBA/2 origin raised against DNBS- (or TNBS-) spleen cells was assessed in a 4-hr 5'Cr-
release assay. Liposome treatment of tumor cells was carried out as described for
lymphoyctes (see the Fig. 1 caption), using a concentration of 0.5 mg lipid/ml. Treatment
of P815 cells with haptenated BSA (90 min, 37°C) was carried out at a concentration of 1
mg/ml for DNP-BSA and 0.5 mg/ml for TNP-BSA. From Ozato and Henney (1978), with
permission of the Williams and Wilkins Co.

delayed hypersensitivity. The results shown in Table 4 clearly demon-
strate that the CTL induced were hapten-specific. No evidence was
obtained for the concept that recognition involved a component of the
protein backbone on which the hapten was presented. Thus, as can be
seen in Table 4, cytotoxic cells induced by TNP-human serum albumin
(HSA) lysed target cells bearing TNP-bovine vy-globulin (BGG), and
TNP-keyhole limpet hemocyanin (KLH) in addition to those cells
bearing homologous hapten—protein conjugates. Furthermore, cells in-
duced by hapten—protein conjugates did not lyse cells incubated with
unsubstituted protein (Ballas, unpublished observations).

In an attempt to define the optimal hapten concentration required
for sensitization with haptenated proteins, and to ask whether this
density was also optimal for susceptibility to attack by differentiated
effector cells, the following experiments were designed. HSA prepara-
tions displaying a range of hapten substitutions (20-40 mol/mol) were
used to induce CTL from CBA spleen-cell populations. The cells thus
induced were assayed against lipopolysaccharide (LPS)-induced CBA
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TABLE 4. Generation of Cytotoxic T Cells by Haptenated Proteins?®

Specific lysis (%) of CBA spleen-cell ‘‘blasts’’ treated by

incubation with:
CBA spleen cells

stimulated with Medium TNBS TNP-HSA TNP-BGG TNP-KLH

TNBS 0 86.5 68.3 55.8 66.3
TNP-HSA 0 51.1 51.9 37.0 47.8
HSA 0 0 0.7 1.9 0
TNP-BGG 0.3 45.1 48.6 23.8 35.8
BGG 2.5 0 0 2.0 0
TNP-KLH 3.1 65.9 58.8 42.6 65.4
KLH 6.0 0 0 4.7 0

@ Culture was carried out as in Table 3 using 100 ug/ml of stimulating protein. Targets were
labeled with 5!Cr and then treated with 1.0 mM TNBS for 10 min at 37°C or with the indicated
proteins (at a final concentration of 1 mg/ml) for 90 min at 37°C. Data presented are from a
4-hr assay using an effector/target-cell ratio of 10:1.

blast cells that had been previously incubated with the same protein
preparations used to induce the effector cells. Target cells incubated with
proteins ranging in hapten substitution from 20 to 40 mol/mol showed
little difference serologically in the amount of hapten they displayed
(Table 5). Interestingly, however, cells displaying TNP-,;HSA were not
susceptible to lysis, nor did they stimulate Kkiller-cell production. In
contrast, the same protein substituted above 30 TNP mol/mol was both
an efficient initiator of cytotoxic cells and, when displayed on the target-
cell surface, was an adequate target for attack (Table 5). We have carried
out a number of studies of this type; in no case did we observe a

TABLE 5. Complement-Mediated and T-Cell-Mediated Lysis of Haptenated Target
Cells?

Specific lysis (%) of CBA spleen-cell blasts treated

Lysis by by incubation with:

CBA spleen cells  anti-TNP antibody
stimulated with and complement TNBS TNP,,-HSA TNP;-HSA TNP,-HSA

Medium 1.3 1.5 2.0 3.0 34
TNBS 73.1 65.8 32.1 27.4 6.9
TNP,-HSA 74.0 537 30.8 23.4 5.1
TNP,-HSA 72.6 41.5 24.0 25.6 6.3
TNP,-HSA 54.7 9.7 4.8 5.5 5.6

2 CBA spleen cells were incubated for 5 days with 100 g haptenated HSA or with TNBS-treated CBA spleen
cells. The subscript number indicates the degree of substitution of the proteins used, in mole/mole. The data
presented are from a 4-hr cytotoxicity assay carried out on day 5 of culture using *!Cr-labeled LPS-induced
““blast” cells of CBA spleens that had been incubated (90 min, 37°C) with 1 mg/ml of the indicated protein,
or with 10 mM TNBS. The effector-cell/target-cell ratio was 10:1. The ability of anti-TNP antibody, in the
presence of complement, to lyse the same target cells is also recorded.



HAPTEN RECOGNITION BY CYTOTOXIC T CELLS 73

haptenated protein that could elicit cytotoxic-cell production but not
serve to ‘‘sensitize’’ a target cell for lytic attack.

3.4. Attempts to Inhibit Hapten-Specific Cytolysis with Haptenated
Cells

It was considered possible that the failure of hapten-specific CTL to
lyse target cells incubated with liposomes might reflect, not a deficiency
in antigenicity of the target cells, but either an insusceptibility of the
cells to lysis, perhaps because of altered membrane lipid composition, or
an improper presentation of hapten on the cell surface. The antigenicity
of the liposome-treated target cells was thus assessed in an alternative
manner, by measuring their ability to inhibit the lysis of DNBS- (or
TNBS-) treated target cells by cytotoxic cells of appropriate anti-hapten
specificity. A typical experiment employing DNP-specific CTL is shown
in Fig. 3. It can be seen that the lysis of DNBS-modified target cells was
inhibited by homologous cells and by cells incubated with DNP-BSA. In
contrast, cells incubated with DNP-bearing liposomes caused no greater
inhibition than that seen with unsubstituted P815 cells. Thus, cells
incubated with hapten-bearing liposomes do not appear to be recognized
by hapten-specific CTL. One explanation of the data shown in Fig. 3 is
that liposome-treated target cells become intrinsically insusceptible to
CTL attack. To address this issue, the following experiments were
devised: °'Cr-P815 cells were incubated with liposomes of varying
composition, with or without hapten, and the susceptibility to lysis by
allogeneic CTL, directed against H-2 antigens of the target cell, was then
assessed. No difference in the cytolysis of P815 cells was observed
following liposome treatment, indicating that cells treated with the
liposome preparations used in these studies were not intrinisically resist-
ant to T-cell-mediated lysis (Ozato and Henney, 1978).

These findings were underlined by further experiments. Since cells
exposed to hapten-bearing liposomes were not themselves capable of
inducing cytotoxic responses in spleen-cell populations, we asked wheth-
er cells treated with liposomes could stimulate CTL production when
subsequently treated with DNBS. Alternatively, we questioned whether
the stimulatory activity of cells treated with DNBS persisted when the
cells were subsequently treated with DNP-bearing liposomes. These
experiments were pursued with both EYPC and DPPC liposomes con-
taining DNP-Cap-PE with similar results. Cultures in which stimulator
cells were pretreated with DNP-liposomes before DNBS treatment
showed a level of cytotoxic activity similar to that seen with controls
treated with DNBS alone. The specificity of the cytotoxic response was
also not affected by exposure of the stimulator cells to liposomes. Thus,
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Figure 3. Inhibition of DNP-specific cytotoxicity by target cells bearing DNP. Untreated
P815 cells or cells bearing DNP following exposure to DNP-liposomes (1 mg/ml, 60 min,
37°C), to DNP-BSA (1 mg/ml, 90 min, 37°C), or to DNBS (15 mM, 30 min, 37°C) were used
to inhibit the cytolysis of DNBS-treated ['Cr]-P81S cells by cytotoxic cells of DBA/2 origin
that displayed DNP specificity. CTL were raised by coculturing 107 DBA/2 spleen cells for
S days with 2 x 10° DNBS-treated DBA/2 spleen cells. In the experiment shown, cytolysis
was measured in a 4-hr 5'Cr-release assay at an effector target-cell ratio of 50:1. The
specific cytotoxic activity in the absence of inhibitor cells was 28.7%, the spontaneous
release of *!Cr in the absence of effector cells was 6.2%. From Ozato and Henney (1978),
with permission of the Williams and Wilkens Co.

exposure of cells to liposomes did not interfere with the subsequent
ability of these populations to stimulate hapten-specific CTL responses
following DNBS treatment. Furthermore, incubation of DNBS-treated
cells with DNP-liposomes was without effect on their ability to elicit
production of hapten-specific CTL (Ozato and Henney, 1978b).

The observation that CTL could be inhibited by target cells bearing
haptenated proteins was studied in further detail. As can be seen in Fig.
4, the lysis of TNP-HSA-bearing target cells by CBA killer cells induced
by TNP-HSA was inhibited equally well by CBA blast cells bearing
TNP-HSA, TNP-KLH, or TNP-BGG as by blast cells directly haptenated
by treatment with TNBS. When Kkiller cells were induced with TNBS-
treated syngeneic spleen cells, however, the inhibition profile by various
haptenated cells depended on the amount of TNBS used for ‘‘priming”’



HAPTEN RECOGNITION BY CYTOTOXIC T CELLS 75

Figure 4. Inhibition of effector cells in-

duced by TNP-HSA by target cells bearing

various TNP-proteins. Untreated CBA

spleen cells (LPS blasts) or CBA spleen

cells incubated with 1.0 mM TNBS (10 min,

37°C) or with 1 mg/ml (90 min, 37°C) of

TNP-HSA, TNP-KLH, or TNP-BGG were

used to inhibit lysis of 5!Cr-labeled CBA

spleen cells (LPS blasts) incubated with

TNP-HSA (1 mg/ml) for 90 min at 37°C.

CTL were CBA spleen cells incubated with

soluble TNP-HSA at a final concentration

of 100 ug/ml for 5 days. The experiment

shown is a 4-hr 5'Cr-release assay at an

effector target-cell ratio of 10:1. The percentage of specific cytolysis in the absence of
competitors was 45.4%. Spontaneous release of 5!Cr targets was 25%.

(Fig. 5). Thus, Kkiller cells induced by 1 mM TNBS were inhibited more
readily by 1-mM-TNBS-treated inhibitor cells than by cells treated with
0.1 mM TNBS (Fig. 5A). Cells bearing haptenated proteins behaved like
those cells treated with low doses of TNBS. In contrast, when Kkiller
cells were raised to 0.1-mM-TNBS-treated cells and tested on target cells
treated with this amount of TNBS, comparable inhibition was observed
with 0.1- and 1.0-mM-TNBS-treated cells and with cells bearing hapten-
ated protein (Fig. 5B). One interpretation of these observations is that at
the higher concentrations of TNBS, a greater diversity of effector-cell
clones is generated than is induced when lower doses of TNBS or TNP
proteins are used.

4. Discussion

In the studies presented herein, we have explored the ability of
MHC-restricted hapten-specific T cells to interact with target cells that
have been haptenated by three different procedures: fusion with hapten-
ated liposomes, direct chemical modification with nitrobenzoic acids,
and incubation with nitrophenylated proteins. We will first consider the
cells ‘““haptenated’’ by fusion with DNP- (and TNP-) bearing liposomes.

Hapten-bearing liposomes composed of both EYPC and DPPC were
found to interact with a variety of cells and to be capable of transferring
hapten to the cell surface (see Table 1) (see also Ozato et al., 1978). The
hapten thus conferred was readily accessible on the cell surface, as
shown by anti-DNP-antibody-binding studies and by the resulting sus-
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Figure 5. Untreated CBA spleen cells (LPS blasts) or cells treated with 1.0 mM TNBS (10
min, 37°C), 0.1 mM TNBS (10 min, 37°C), or TNP-HSA (1 mg/ml for 90 min, 37°C) were
used to inhibit lysis of 5'Cr-labeled CBA spleen cells incubated with 1.0 mM TNBS (A) or
0.1 mM TNBS (B). CTL were CBA spleen cells incubated with TNBS-modified (1.0 mM
TNBS for 10 min, 37°C) syngeneic spleen cells in a 5-day culture. The experiment shown
is a 4-hr 5'Cr-release assay at an effector target-cell ratio of 5:1 (A) or 10:1 (B). The
percentage of specific cytolysis in the absence of competitors was 61.6% (A) and 46.5%
(B). Spntaneous release of >'Cr targets was less than 30%.

ceptibility of the cell to complement and to K-cell-mediated lysis in the
presence of anti-DNP antibody (Table 1). Indeed, under optimal condi-
tions, it was possible to confer a higher density of hapten by interaction
of P815 mastocytoma cells with DNP-bearing liposomes than was pos-
sible by direct chemical modification of the cell surface using DNBS. In
addition, we observed that hapten transferred to the cell surface via
interaction with liposomes remained exposed for longer periods than that
introduced by treatment with DNBS (see Table 2).

Despite the ready display of cell-surface hapten, cells modified by
liposome interaction failed to stimulate hapten-specific cytotoxic re-
sponses in vitro (see Fig. 1). This finding emphasizes that the presence
of hapten per se is an insufficient requirement for ‘‘triggering”’ the
precursors of cytotoxic cells. Furthermore, cells ‘‘haptenated’’ via inter-
action with liposomes were not susceptible to the action of hapten-
specific CTL (see Fig. 2), nor did they competitively inhibit the lysis of
target cells that had been modified by treatment with DNBS (or TNBS)
(see Fig. 3). By all these criteria, cells haptenated via liposome interaction
were not ‘‘recognized’’ by hapten-specific effector T cells. Indeed,
liposome-treated cells behaved like unsubstituted cells in that they
induced hapten-specific CTL only following treatment with DNBS (Ozato
and Henney, 1978).
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In other studies, we observed that cells that had interacted with
haptenated liposomes also failed to stimulate the differentiation of syn-
geneic ‘‘memory’’ cell populations into cytotoxic cells (Ozato and
Henney, 1978). In this context, it is useful to point out that cells that had
interacted with liposomes were capable of stimulating both primary and
secondary responses to alloantigens, so that the overall antigenicity of
the cells (and, indeed, their susceptibility to cytotoxic attack by alloim-
mune CTL) was not affected by their assimilation of exogenous lipid. It
is, however, conceivable that liposomes became associated to a lesser
extent with alloantigen-presenting (stimulator) cells than with other
lymphocytes in the spleen-cell pool.

The studies reported in Tables 4 and 5 and in Figs. 4 and 5 make
several interesting points with respect to the use of haptenated proteins
to induce CTL formation.

1. There was no evidence that the protein backbone contributed to
the specificity of the response engendered. Thus, CTL induced by TNP-
HSA lyse, with equivalent efficiency, cells bearing TNP coupled to KLH
and to BSA (Table 4).

2. We have examined a variety of serum proteins; all, when hapten-
ated, were capable of stimulating CTL formation. There was, then, no
evidence that the phenomenon described was restricted by the proteins
used to ‘‘present’’ hapten.

3. There seemed to be a ‘‘threshold’’ of substition of the various
proteins below which they did not serve as appropriate antigenic matrices
for hapten presentation. Thus, when HSA was substituted to differing
extents with TNP, only hapten concentrations equal to or greater than 30
mol/mol elicited hapten-specific cytotoxic effectors and rendered cells
susceptible to lysis (Table 4). Hapten concentrations below this were not
efficient, even though they often rendered cells equally susceptible to
lysis by complement and anti-TNP. The ‘‘threshold’’ substitution for
TNP varied with the different proteins employed.

The observations that haptens transferred to the cell surface via
interactions with liposomes were not reactive with hapten-specific CTL
parallel closely a recent report by Henkart et al. (1977). These investi-
gators found that TNP coupled to a stearoyl dextran and then bound to
mouse spleen cells was similarly ‘‘unrecognized” by T effector cells.
These findings led them to suggest that the H-2 restriction of TNP-
specific CTL, and their inability to lyse cells bearing TNP-dextran, were
linked, and the the effector cell was directed against, and required on the
target cell, hapten-modified H-2 antigen. This conclusion has also been
reached by Forman et al. (1977a,b), using a biochemical approach. These
investigators observed that target cells treated with increasing amounts
of TNBS became able to stimulate hapten-specific CTL and to serve as
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targets only when they exhibited MHC-encoded products that could be
precipitated by anti-TNP antibody. These studies together with our own
findings using haptenated liposomes seem to lend credence to a ‘‘single-
receptor’’ model for hapten recognition by T effector cells. This concept,
however, seems to be at odds with the findings that di- (and tri-)
nitrophenylated proteins can stimulate CTL production and that cells
incubated with haptenated proteins can serve as targets for hapten-
specific CTL (see Figs. 1-5) (Schmitt-Verhulst et al., 1978; Ozato and
Henney, 1978).

One could use several arguments in attempting to ‘‘marry’’ the two
conflicting arms of these data. A prominent consideration would be that
transhaptenation from protein to cell-surface components might be re-
sponsible for the effects noted. This is unlikely, since the protein
preparations used were haptenated covalently under conditions in which
the substitution was primarily with e-NH, groups of lysine. Indeed, in a
careful study addressed to this point, Schmitt-Verhulst er al. (1978)
established that the hapten present on the TNP-BSA preparations used
to ‘‘sensitize’’ target cells did not dissociate or cause trinitrophenylation
of other cell-surface components. Thus, it appears unlikely that the
ability of haptenated proteins to induce CTL formation and to render
target cells susceptible to the action of such cells is due to a secondary
haptenation of MHC products.

It is possible that the contrasting findings obtained employing hap-
tenated liposomes and haptenated proteins to induce CTL formation can
be reconciled by proposing that T cells cannot recognize hapten in a
lipophilic environment, but require that the hapten be presented in
association with protein. If so, there still seems to be a stringent
requirement for presenting the hapten on a protein matrix. Thus, even
though incubation with TNP?°-HSA rendered cells susceptible to lysis by
anti-TNP and complement, this procedure did not render the cells
susceptible to lysis by hapten-specific CTL (see Table 4). This is
reminiscent of the findings of Forman et al. (1977a,b) that there was a
“‘threshold’’ concentration of TNBS needed to induce cells capable of
stimulating CTL production. Hence it seems clear that two criteria have
to be met for hapten to be recognized by cytotoxic T cells:

1. The hapten needs to be presented on the cell surface in association
with a protein.

2. A critical hapten density is necessary irrespective of whether the
protein substituted is an integral component of the cell membrane
(as in TNBS) or is passively inserted.



HAPTEN RECOGNITION BY CYTOTOXIC T CELLS 79

While both MHC products and hapten need to be presented to the
T cell, the studies with TNP proteins argue that they do not have to be
present on the same molecule. Nevertheless, there appear to be some
stringent structural relationships between hapten and H-2 antigens, for
the mere presence of hapten on the surface of a cell of appropriate H-2
haplotype is not sufficient either to trigger CTL formation or to serve as
a target for hapten-specific CTL. It is possible that highly substituted
proteins show an increased tendency to interact with MHC gene products
in some way. Clearly, more studies on the interrelationship between
haptenated proteins and the H-2 antigens of cells with which they are
incubated are called for.
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New Thoughts on the Control of Self-
Recognition, Cell Interactions, and
Immune Responsiveness by Major
Histocompatibility Complex Genes

David H. Katz

1. Introduction

It is abundantly clear that our perceptions about the major histocompa-
tibility complex (MHC) have changed quite substantially during the
1970’s. No longer does the term histocompatibility connote merely
identities, similarities, or differences among tissue-transplantation anti-
gens inherited by each individual member of a given species. Now, that
term stands for a polymorphic family of genes and molecules the
biological functions of which appear to play central roles in governing
cell differentiation, cell-cell recognition, quality as well as quantity of
immunological responsiveness, and probably a variety of other functions
that have yet to be discovered. The realization that the biological
importance of the MHC is broader than had initially been apparent has
generated considerable excitement, a flurry of basic research endeavors,
and an increasingly voluminous literature that becomes more and more
difficult to keep track of and, at times, to understand. As can be
expected, much of the literature, particularly recently, tends to be a bit
repetitious in terms of both experimental approach and interpretation of
data, a situation that seems to be inevitable whenever a given area of
science is highly popular and pursued by large numbers of investigators.
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In view of this problem, this chapter was purposely prepared with its
main goal being to share some new thinking, supported in part by new
data, on some rather well-worn topics pertaining to involvement of MHC
genes and molecules in immunological responses. Only for purposes of
orienting the reader will previous work and concepts be reviewed, and
this will be done as briefly as possible.

2. Self-Recognition and Cell-Cell Interactions

One of the important advances in our fundamental understanding of
MHC control of the immune system has been the realization that when
immune responses require cell—cell interactions for proper development
and control, such interactions occur most efficiently between partner
cells that are genetically identical in certain key regions of the MHC.
These genetic restrictions were first described in studies of interactions
between regulatory (i.e., helper) T lymphocytes and B-lymphocyte
precursors of antibody-secreting cells (Kindred and Shreffler, 1972; Katz
et al., 1973a,b) and in cooperative T lymphocyte-macrophage interac-
tions (Rosenthal and Shevach, 1973). Subsequently, similar restrictions
were found to exist in the most efficient lysis of target cells by specific
cytotoxic T lymphocytes (CTL) or killer cells (Shearer, 1974; Zinkernagel
and Doherty, 1974a; Koszinowski and Ertl, 1975; Bevan, 1975; Gordon
et al., 1975). Genetic mapping studies documented that gene(s) control-
ling T-B cell interactions are located in the I region of the mouse H-2
complex (Katz et al., 1975), a remarkable association with the same
region containing Ir genes (see below) and also the genes encoding cell-
surface macromolecules known to be the most potent alloantigens in
stimulating the development of mixed-lymphocyte reactions (MLRS)
(Bachet al., 1972). The genes involved in the CTL—target cell interactions
have been mapped in the K and D regions of the H-2 complex (Schmitt-
Verhulst and Shearer, 1975; Blanden et al., 1975), the regions initially
recognized to contain genes encoding the classic serologically defined
transplantation antigens.

Essentially two major concepts have evolved to explain the MHC-
linked genetic restrictions on cell interactions. The first hypothesis,
which stemmed from analysis of such restrictions in T-B cell interac-
tions, considered that interactions among various cell types in the
immune system are mediated by cell-interaction (CI) molecules located
on the cell surface, at least some of which are encoded by MHC genes
(i.e., I-region genes in this case), and which are quite distinct from the
lymphocyte receptors specific for conventional antigens (Katz et al.,
1973a,b; Katz and Benacerraf, 1975). The CI-molecule concept therefore
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emphasizes a dual-recognition mechanism that involves at least two
distinct molecular interactions in lymphocyte activation, one utilizing
antigen-specific receptors and the second consisting of reactions between
the relevant CI structures and their corresponding receptors. The second
major concept, derived primarily from studies in the CTL systems,
considered that T lymphocytes have receptors that recognize, not antigen
alone, but antigen in some form of association with MHC-gene products
on cell-surface membranes; this concept of ‘‘altered-self’’ (Zinkernagel
and Doherty, 1974b) recognition by T lymphocytes has subsequently
been modified in various ways, but all versions still differ substantially
from the Cl-molecule concept in predicting the existence of a single
receptor on T cells simultaneously recognizing modified determinants on
the cell surface. To date, no definitive proof has been obtained to
establish which of these two models is correct.

These two very distinct hypotheses concerning the basis of MHC
restrictions on cellular interactions among components of the immune
system place such genetic restrictions in very different biological per-
spectives. Single-recognition mechanisms, such as the altered-self model,
limit the biological connotations of these genetic restrictions to the
immune system. The CI-molecule concept of dual recognition, on the
other hand, suggests the existence of a mechanism for highly specific
self-recognition that aside from its obvious importance for proper cell
communication in the immune system where it was first discovered and
analyzed provides a general mechanism for control of effective cell
interactions in nonimmunological organ systems as well. Moreover,
delineation of the mechanisms responsible for conserving self-recognition
and, alternatively, understanding processes that potentially disturb it
(and the consequences of such disturbances to the individual) could open
an important avenue toward elucidating crucial events in normal and
abnormal cell differentiation in eukaryotic organisms. In many ways,
therefore, what we have been studying as a curious phenomenon in the
immune system may have substantial biological implications.

3. Concept of Adaptive Differentiation

The validity of the CI-molecule concept as an appropriate interpre-
tation of the basis for genetic restrictions in T-B cell interactions came
under question amid the reports of other investigators who failed to find
similar restrictions in different systems in which T-B cell cooperative
responses were analyzed. Particularly important were those studies
performed with cells obtained from bone marrow chimeras. Studies were
made with lymphocytes obtained from bone marrow chimeric mice that
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had been prepared by reconstituting lethally irradiated (A X B) F,
recipients with a mixture of bone marrow cells derived from each of the
respective parents, A and B. In such circumstances, T lymphocytes that
were originally derived from donors of different H-2 haplotypes (i.e.,
parent A and parent B), but had differentiated within a mutual host F,
environment, were found to be independently capable of interacting
effectively with B cells derived from conventional donors of the opposite
parental type (von Boehmer et al., 1975).

Since the parental A and B lymphoid populations of such chimeras
were mutually tolerant of one another (i.e., unable to exert reciprocal
alloreactivity), the question arose as to whether the failure of partner
cells derived from nontolerant histoincompatible donors to interact
effectively might be due to some type of inhibitory influences resulting
from subtle alloreactivity between such cells. However, this seemed
untenable for a number of reasons discussed more fully elsewhere (Katz,
1976, 1977a,b; Katz and Benacerraf, 1976).

It became necessary, therefore, to address the paradox that consisted
of (1) the striking degree of MHC-linked genetic restrictions imposed on
effective T-B cell interactions; (2) the absence of demonstrable suppres-
sive influences to explain such genetic restrictions; and (3) the seemingly
contradictory data obtained with T- and B-lymphocyte populations
derived from bone marrow chimeras. These paradoxical observations
seemed to be most logically explained by a concept of adaptive differ-
entiation of lymphoid-cell precursors (Katz, 1976, 1977a,b; Katz and
Benacerraf, 1976; Katz et al., 1976). We proposed that the process of
stem-cell differentiation is critically regulated by histocompatibility mol-
ecules on cell surfaces, and that such differentiation is ‘‘adaptive’’ to the
environment in which it takes place. This concept, in brief, predicted
that (1) during early differentiation, lymphoid-cell precursors ‘‘learn”
the relevant compatibilities required of them for effective cell—cell
interactions; and (2) moreover, this learning process is dictated by the
MHC phenotype of the environment in which such differentiation takes
place.

Our first experiments designed to address this possibility yielded
results that were indeed consistent with the hypothesis (Katz, 1976; Katz
and Benacerraf, 1976). Subsequently, a number of studies by different
investigators, using both conventional animals and (primarily) artificially
constructed bone marrow chimeras, have demonstrated that lymphocytes
do indeed undergo adaptive differentiation. This has been shown in the
case of T lymphocytes destined to become CTL (Bevan, 1977; Zinker-
nagel et al., 1978a,b) as well as regulatory T cells responsible for
providing helper function (Katz et al., 1978; Sprent, 1978; Kappler and
Marrack, 1978). In addition, Zinkernagel et al. (1978a,b) and Fink and
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Bevan (1978) have provided evidence that the primary stages of adaptive
differentiation of T-cell precursors of CTL take place within the thymic
microenvironment. The situation is a bit less clear in the case of helper
T lymphocytes, which, in some cases, have appeared to be influenced to
a similar extent by the thymus (Waldmann et al., 1979; Bevan and Fink,
1978), whereas our own studies have revealed that the thymus exerts
only partial influence on the learning process undergone by helper T
cells, and that a significant extrathymic influence is also crucial for T
cells of this category (Katz et al., 1979).

Additionally, our own studies have emphasized the fact that B
lymphocytes also undergo similar processes of adaptive differentiation in
both conventional (Katz, 1976; Katz and Benacerraf, 1976) and bone
marrow chimera (Katz et al., 1978) animal models. The significance of
the findings made with B lymphocytes to the whole issue pertaining to
single vs. dual recognition models cannot be overemphasized. Thus,
quite unlike the situation with T cells—in which the argument can be
made that T lymphocytes that manifest restrictions of one type or another
could be reflecting their receptor specificities for antigen-plus-*‘self’’
(Zinkernagel and Doherty, 1974b)—this argument does not easily explain
the findings on a B-cell adaptation; indeed, B-cell adaptive differentiation
is almost exclusively explainable by a dual-recognition, i.e., CI-molecule,
model.

The available evidence, therefore, supports the likelihood that adap-
tive differentiation normally dictates the phenotypic expression of pref-
erential cell-cell interactions among components of the immune system.
We have recently developed a theoretical model to explain how adaptive
differentiation of lymphocytes may occur during normal development.
This model has been described elsewhere (Katz, 1980) and will be
summarized here only by the following seven statements.

1. All cell interactions within an individual member of the species
are interactions of self-recognition. These self-recognition processes are
mediated through cell-surface cell-interaction (CI) molecules [defined in
(4) below].

2. Each individual member of a species possesses the genotypic
library for all CI-molecule specificities expressed in the species. This
library spans not only many different specificities but also a whole
spectrum (i.e., from low to high) of binding affinities between the two
interacting molecules.

3. One of the earliest and most important decisions in morphogenesis
is which CI phenotype will be worn by the background environment.
Once this decision has been made, by whatever mechanism, the pheno-
type of self-reactivity characteristic of that individual is firmly estab-
lished.
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4. CI molecules are defined as follows: in any interaction between
two partner cells, at least one of the two CI molecules is a product of
MHC gene(s); the second molecule may either be an MHC-gene product
or a product of a non-MHC gene; i.e., it could be, in part, encoded by
a V gene. Thus, in any set of two interacting CI molecules, one molecule
can be considered to be the ligand (hereafter termed CI, 3, . ¢), Whereas
the second molecule may be considered to be the specific receptor for
that ligand (hereafter termed aCl, 3, .+ ¢)-

5. Determined by the CI phenotype of the environment, differen-
tiating lymphocytes undergo a process of selection that involves deletion
or abortion of cells with high-affinity receptors for native (i.e., self-) CI
molecules; this deletion process is accompanied by a corollary process
in which cells with low-to-moderate-affinity receptors for native CI
molecules predominantly emerge. These cells then constitute the func-
tional interacting populations involved in self-regulating further differ-
entiation and responsiveness.

6. A concomitant selection process occurs among the cells bearing
receptors for CI molecules expressed predominantly in other individual
members of the species (i.e., nonself). In these cases, cells with high-
affinity receptors predominate, whereas low-to-moderate-affinity nonself
cells are eliminated. The latter cells can serve no useful function in the
inappropriate environment and, without this selection mechanism, might
proliferate uncontrollably.

7. On the basis of the aforementioned points, all cell interactions
within a species, even those occurring between cells from different
individual members of the species, are interactions of self-recognition.
They differ only in the binding affinities of interactions; i.e., those
occurring among partner cells involved in physiological responses within
the same individual are of low to moderate affinity, while those occurring
between cells from different individuals are of high affinity. These high-
affinity reactions are most probably those that we have classically termed
alloreactions.

With this summary of our thinking on these issues as a background,
I would now like to focus the subsequent discussion on how our model
addresses certain important issues that are still unexplained.

4. Relevance of the Proposed Mechanisms of Adaptive
Differentiation to Certain Unresolved Immunological
Puzzles

Any theoretical framework constructed to explain differentiation
events in the immune system must take into account at least certain of
the major unresolved questions. Foremost among many in our field are
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the interrelated issues of recognition mechanisms in general, T-cell
recognition in particular, and the nature and function of MHC-linked
immune-response (Ir) genes. It is on these three indisputably intertwined
points that the remainder of this discussion will focus. These issues have
been addressed in recent hypothetical papers by several other investi-
gators who have been directly working in the pertinent areas (Janeway
et al., 1976; Benacerraf, 1978; Schwartz, 1978), and naturally there are
some areas of overlap as well as clear differences among the various
opinions (as will be pointed out below).

5. Recognition Mechanisms in the Immune System

The only undebatable point concerning questions of immunological
recognition mechanisms is that B lymphocytes have Ig molecules on
their surface membranes that are specifically capable of binding antigenic
determinants. The exact molecular nature of corresponding antigen-
binding receptors on T cells has not yet been delineated, although
substantial evidence supports the likelihood that at least certain of these
receptors on T cells have antigen-combining sites encoded by the same
heavy-chain V genes used by B cells for synthesis of their Ig receptors
(Binz and Wigzell, 1977a,b; Krawinkel et al., 1977).

The controversial points are as follows: (1) Are recognition events
in the immune system singular or dualistic in nature? (2) Are T cells
unique in their clear dependency on reacting with MHC-gene products,
in addition to non-MHC antigens (by whatever mechanism), to be
properly activated, or is this a more general requirement including B
cells as well? (3) Why are so many cells within a given individual capable
of reacting to nonself alloantigens?

To summarize briefly our own thinking on these points:

1. We favor the possibility that there are two recognition systems
that operate in concert with one another for purposes of cell triggering,
i.e., one receptor for MHC (i.e., CI) molecules on partner cells, and a
second receptor for non-MHC (i.e., conventional) antigens; these recep-
tors coexist, but as separate entities, on each individual lymphocyte.
The alternative possibility, namely, that a single receptor binds to a
“‘complex antigenic determinant’’ comprised of antigenic fragments as-
sociated with self-MHC determinants, seems unlikely to us for reasons
given in detail elsewhere (Katz, 1976, 1977a,b). Nevertheless, formal
proof for one or the other of these two possibilities is still lacking.

2. Although the greatest experimental emphasis thus far has been
placed on T-cell functions and the genetic restrictions imposed thereon,
this alone does not provide a very strong argument against a more
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general requirement for other cells, notably B lymphocytes (but not to
exclude macrophages), to also recognize and react with CI molecules on
interacting partner cells in order to consummate the purpose of the
interaction. Indeed, as mentioned above, we have obtained data that
speak strongly in favor of this possibility (Katz, 1976; Katz and Bena-
cerraf, 1976; Katz et al., 1978).

In other words, we believe that B lymphocytes, like T cells, have
two independent recognition mechanisms, one of which is directed
toward self-CI molecules. Hence, when partner cells (i.e., T and B
lymphocytes) interact with one another, we envisage a two-way bridge
being created by the binding of each cell to the other via their respective
aClI receptors and the corresponding CI target molecules recognized by
such receptors; this is in addition to the binding of antigenic determinants
by antigen-specific receptors on each cell. Likewise, we believe that just
as macrophages exert selective pressures on T cells during antigen-
induced responses, they exert comparable selective pressures on B cells
via similar MHC-linked recognition events (i.e., recognition of macro-
phage CI molecules by «CI receptors on B cells). T cells can likewise
exert such selective pressures on one another and on B cells, and vice
versa.

3. The existence of relatively large numbers of alloreactive cells has
been one of the most perplexing issues in transplantation biology. As
discussed in detail elsewhere (Katz, 1980), the adaptive-differentiation
model summarized above provides an explanation for the high frequency
of cells that appear to be alloreactive when appropriately manipulated
experimentally, and also suggests an important function they may play
as regulatory cells within their native environment, i.e., to provide an
important ‘‘brake’’ to minimize replication of cells bearing the corre-
sponding nonself-CI molecules. The proposed importance of this regu-
latory surveillance mechanism provokes the logical question of what
provides an analogous brake for growth of low-to-moderate-affinity aCI,-
type cells in individual A. This brake is inherent in the sophisticated
regulatory feedback control mechanisms that constitute the normal
operation of the immune system of individual A; indeed, it is conceivable
that A-type cells performing negative regulatory functions that limit or
ablate any given response may do so by binding to target CI molecules
with combining sites higher than usual affinity.

The aspect of our thinking with respect to differences in affinity
being a crucial point of distinction between interactions with self (low)-
vs. nonself (high)-CI specificities is in agreement with a model proposed
recently by Janeway et al. (1976). Where our reasoning differs funda-
mentally from theirs is that we believe that low-affinity receptors for self-
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CI molecules and high-affinity receptors capable of reacting with nonself-
CI molecules exist on separate cells altogether. Janeway et al. (1976)
have proposed that the same receptor that binds to self with low affinity
is capable of binding with high affinity to certain nonself-MHC antigens.
If this were so, it would become difficult to account for the fact that
there are B lymphocytes capable of producing alloantibodies specific for
nonself-MHC antigens (including Ia antigens); such alloantibodies that
would have high affinity for nonself would likewise have the capacity to
bind to self with low affinity, a situation of potential danger to the
individual because of the likely interference with normal physiological
cell interactions that would result from the presence of such antibodies.

Our thinking also agrees with that of Janeway et al. (1976) in
considering that the antiidiotype antibodies directed against alloantigen
receptors in the rat, which have been analyzed so extensively and well
by Binz and Wigzell (1977a,b), are actually recognizing idiotypes on the
second of two receptors on T cells; in our terminology, the Binz—Wigzell
antiidiotypic antibodies are reacting with high-affinity «CI receptors. If
the model proposed here is, in principle, correct, we would further state
that it should be possible to induce antibodies capable of reacting with
low-affinity aCI receptors for self-CI molecules. Such anti-«CI antibodies
would be capable of blocking physiological cell-cell interactions. Recent
experiments in our laboratory, which are presented below, are most
readily interpretable in the context of such an anti-aCI response playing
a natural regulatory role in certain immune responses.

6. Some Current Thoughts on Ir Genes

The Ir genes, located in the / region of the mouse H-2 complex,
have clearly been found to be quite specific in terms of the responses
over which their control is exerted. This, together with the fact that most
responses controlled by Ir genes involve the participation of T cells,
prompted the speculation that Ir genes encode antigen-receptor mole-
cules on T lymphocytes (Benacerraf and McDevitt, 1972). It now appears
that this is not the case.

Before we discuss our own thinking on this issue, it is pertinent to
analyze other recent speculations concerning Ir-gene function. Although
several examples could be cited, we believe that two of these, proposed
by investigators who have devoted considerable energy to this problem,
are of particular interest and attractiveness. Thus, Benacerraf (1978) has
recently made an elegant statement of the case in favor of Ir-gene
function being located at the level of macrophage antigen presentation,
a notion originally proposed by Rosenthal, Shevach, Paul, and their
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colleagues (Rosenthal and Shevach, 1973; Paul et al., 1977; Rosenthal,
1978; Schwartz, 1978). Benacerraf (1978) further formalized such notions
by stating that the products of Ir genes, present on the surface membrane
of the macrophage, could have combining-site activity capable of reacting
with defined sequences of a limited number of amino acids (i.e., 3 or 4)
within the structure of a larger macromolecule; the consequence of this
reaction between Ir-gene product and a given amino acid sequence would
be a highly specific display of the resulting complex formed between the
exogenous antigen and the macrophage-bound Ir-gene product. This
complex would then be recognized specifically by T cells with receptors
consisting of combining sites of corresponding specificity for a given
complex. This model therefore postulates that the T cell sees antigen
oriented in a unique structural way by virtue of its reaction with the Ir-
gene products; although the implied suggestion is that such recognition
occurs via a single receptor entity, a dual-recognition model is not
altogether ruled out.

The attractiveness of this model is that it accounts for the exquisite
specificity of Ir-gene function without demanding an extraordinarily large
number of distinct Ir genes. Thus, Benacerraf (1978) has beautifully
explained the possibility that specificity differences could be accounted
for by imagining that a limited number of Ir genes, each capable of
reacting with a defined sequence of 3 or 4 amino acids, could display a
highly diverse antigenic universe depending on differences in the way
that each complex macromolecule would subsequently become oriented
on the macrophage surface membrane after reacting with the Ir-gene
product(s). Uniqueness, therefore, would be more a property of the
inherent structural attributes of the exogenous antigen than of any
enormous number of individual Ir genes. This model also accounts for
most of the work demonstrating the level of control by Ir genes in terms
of macrophage-T cell interactions and the like.

The second model, recently proposed by Schwartz (1978), also
considers that T cells see antigén in the form of a complex developed by
associations with Ir-gene products on the macrophage surface via a
single receptor for this ‘‘complex antigenic determinant’’ (CAD).
Schwartz goes further in proposing that self-antigens associate with Ir-
gene products and during the early course of ontogeny, potentially
reactive T cells for such self-CADs are deleted during the process of
tolerance induction. Nonself-antigens also must interact with Ir-gene
products to form CADs that are then necessarily recognized by T cells
with corresponding receptor specificity. Ir-gene defects are thereby
explained as reflecting those situations in which a CAD formed between
a nonself-antigen and Ir-gene product exhibits sufficient mimicry with
the self-CAD; since T cells capable of recognizing self-CAD have been
deleted, any CAD of sufficient mimicry will naturally fail to elicit a
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response. This model likewise accounts for many observations made
recently, particularly those that focused on the relationship of Ir-gene
function to macrophage antigen presentation.

However, neither of these models adequately accounts for several
observations that appear to be central to all these issues.

Let us first consider the allogeneic effect, the descriptive term given
to the biological consequences of a transient transplantation reaction
whereby one cell population provides differentiation signals to a target-
cell population as a result of reacting with such target cells via specific
allorecognition (see Katz, 1977b, Chapter XI). It is pertinent that the
allogeneic effect represents precisely the circumstance in which a reac-
tion with MHC-encoded target molecules (i.e., I-region molecules),
concomitant in time with the exposure of the target cell to its relevant
antigenic determinants, results in the delivery of stimulatory signals to
such target cells that drive them onward along the pathway of differen-
tiation. Since the alloreactive cells that mediate this effect need not
exhibit any relationship to the non-MHC antigen employed, it is clear
that the pertinent recognition necessary for the triggering events is that
concerned with the MHC-encoded cell-surface target molecules. This
exemplifies, therefore, the occurrence of two independent recognition
events, i.e., one directed to CI-molecule determinants and the other
directed to non-MHC antigens, capable of triggering lymphocytes. Clear-
ly, there is no obvious relationship between such triggering events and
the need for complex antigenic determinants, of the type described
above, in such circumstances.

Perhaps more important is the fact that several experimental situa-
tions have been used to demonstrate the ability of an appropriately timed
allogeneic effect to overcome Ir-gene defects. On the one hand, it has
been possible to demonstrate the capacity of an allogeneic effect to
permit nonresponder mice to make IgG (as well as IgM) antibody
responses to a synthetic antigen under Ir-gene control (Ordal and Grumet,
1972). In this instance, the allogeneic effect provided a necessary stimulus
to target B cells, thereby replacing a normal interaction step missing in
such circumstances. More recently, we have used the allogeneic effect
as a mechanism for stimulating the induction of (responder X nonres-
ponder) F, helper T cells capable of effectively interacting with nonres-
ponder B cells, in studies that will be summarized below.

7. Some New Observations on Ir-Gene Mechanisms
If Ir genes do not encode the combining site(s) of antigen-specific T-

cell receptors, what role is served by these genes? We believe that an
important clue to the answer to this question is the concomitant location
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in the I region of the Ir genes and the genes responsible for (1) effective
cell-cell communication among different lymphoid cells and (2) encoding
determinants that are strong stimulants of alloreactivity in MLRS. We
further believe that the answer is, in fact, quite simple: Ir genes encode
CI molecules.

Experimental support for this interpretation was obtained several
years ago. We reported then that T cells from (responder X nonrespon-
der) F, hybrids primed to the synthetic terpolymer L-glutamic acid-L-
lysine-L-tyrosine (GLT), responses to which are governed by H-2 linked
Ir-GLT genes, were restricted in their ability to provide GLT-specific
help for 2,4-dinitrophenyl (DNP)-primed B cells from the respective
parental mice in response to DNP-GLT (Katz et al., 1973c). Thus, such
F, T cells were able to provide normal helper activity for DNP-specific
B cells from responder, but not from nonresponder, donor mice. This
finding contrasted sharply with the indiscriminant ability of F, T cells to
interact effectively with partner B cells from either parent when the
carrier antigen employed was not one to which responses were governed
by a known Ir gene. This observation has subsequently been confirmed
by others in studies conducted in mice (Pierce, 1977; Press and McDevitt,
1977) and guinea pigs (Yamashita and Shevach, 1978).

These observations were interpreted as an indication that in heter-
ozygous individuals, independent subpopulations of interacting T lym-
phocytes existed, one each corresponding to the respective parental type
(Katz et al., 1973c). Hence, we envisaged that stimulation of a (responder
x nonresponder) F; T cell population by GLT would sensitize only the
population of T cells able to recognize and react with the functional cell-
interaction (CI) phenotype of the responder parent; F; T cells correspond-
ing to the nonresponder parent CI phenotype would not be stimulated by
GLT. This situation would therefore be manifested as defective ability of
F, T cells to interact with nonresponder B cells irrespective of the
antigen specificity of the latter. This original interpretation (Katz et al.,
1973c) has been reinforced by the subsequent demonstrations of the
existence of independent F, T-cell subpopulations reactive with each
respective parental CI phenotype (Skidmore and Katz, 1977; Paul ez al.,
1977; Miller and Vadas, 1977, Thomas and Shevach, 1978; McDougal
and Cort, 1978; Swierkosz et al., 1978).

Quite recently, we have designed experiments to determine whether
the normally restricted cooperating phenotype of (responder X nonres-
ponder) F, T cells specific for GLT could be experimentally manipulated
to express a different cooperating phenotype. Specifically, we were
interested in generating GLT-specific F; T cells that might now express
cooperative helper activity for nonresponder B cells. These studies have
demonstrated that the usually restricted cooperating phenotype of (re-
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sponder X nonresponder) F, T cells can be changed by inducing an
allogeneic effect during the priming of such F, mice (Katz et al., 1979).
The experimental data presented below confirm this point.

CAF, T cells obtained from mice primed to GLT, either in the
absence of any allogeneic effect or in the presence of an allogeneic effect
induced by one or the other parental cell type, display the pattern of
cooperative helper activity for DNP-primed B cells from either A/J,
BALB/c, or CAF, donor mice that is depicted in Figs. 1 and 2. The only
pertinent difference between the two experiments illustrated in these
figures is that 5 x 10 B cells and 10 x 10° helper T cells were transferred

Figure 1. Helper-T-cell activity of (responder X nonresponder) F, spleen cells primed to
GLT under the influence of an allogeneic effect. Irradiated (675 rads) CAF, recipient mice
were injected intravenously (i.v.) with 5§ X 10 DNP-primed B cells from either A/J, BALB/
¢, or CAF, donors, either in the absence of helper cells or together with 10 x 10¢ spleen
cells taken from F,; mice primed to GLT either alone (50 ug GLT in CFA followed 10 days
later by a second injection of 50 ug in saline) or under the influence of an allogeneic effect
induced by i.v. injection (on day 10 after initial immunization with GLT) of 25 x 10 spleen
cells from parental A/J or BALB/c donors; spleens were removed from such donor mice
7 days after the second injection of GLT. All recipients were challenged with 50 ug DNP-
GLT in saline. The data are presented as geometric mean levels of individual IgG DNP-
specific plaque-forming cells/spleen of groups of 5 mice each assayed on day 7 after cell
transfer and secondary challenge. Horizontal brackets represent standard errors, and
relevant P values depicting statistically significant differences are indicated alongside the
corresponding bracket.
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Figure 2. Helper-T-cell activity of (responder X nonresponder) F; spleen cells primed to
GLT under the influence of an allogeneic effect. The same protocol as described in Fig. 1
was employed, with the only difference being the numbers of transferred B and T cells
given to each recipient mouse. The data are presented as geometric mean levels of serum
anti-DNP antibodies of individual mice in groups of 5 mice each bled on day 7 after cell
transfer and secondary challenge. Horizontal brackets represent the range of standard
errors, and relevant P values of statistically significant differences are indicated.

in one experiment (Fig. 1), while 15 x 10¢ B cells and 30 X 10° helper T
cells were transferred in the other (Fig. 2).

What these experiments have revealed is that CAF, helper T cells
primed to GLT in the absence of an allogeneic effect provide no help for
B cells from A/J mice and variable levels of help for B cells from BALB/
¢ or CAF, donor mice depending on the numbers of GLT helper T cells
transferred. Note, for example, that 10 x 108 F, helper T cells provided
only marginal help for F,, and even less for BALB/c, B cells (Fig. 1),
while significant levels of helper activity were observed in both cases
when 30 x 10® GLT-primed F, cells were transferred (Fig. 2).

The remarkable findings are those pertaining to the patterns of F,
helper activity, for the various B cells, that were generated under the
influence of allogeneic effects induced by one or the other parental cell
type. First, note that F, helper T cells generated under the influence of
an allogeneic effect induced by either A/J or BALB/c parental cells were
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clearly and significantly enhanced in their levels of cooperative activity
for B cells derived from F, donors (Figs. 1 and 2, groups XI and XII).
This pattern of indiscriminately enhanced F, helper-T-cell activity as
manifested with F, B cells did not hold true when such F, T cells were
assayed for their ability to help nonresponder A/J or responder BALB/c
parental B cells. Thus, F,; T cells generated under the influence of an
allogeneic effect induced by parental BALB/c cells were clearly capable
of providing GLT-specific help for nonresponder A/J B cells (group 1V),
but were unable to provide detectable help for responder BALB/c cells
(group VIII). Conversely, F, T cells generated during an allogeneic effect
induced by parental A/J cells did not display effective helper activity for
nonresponder A/J B cells (group III), while exhibiting significantly
enhanced helper activity for responder BALB/c B cells (group VII).

These studies make two important points: (1) First, the usually
restricted phenotype of (responder X nonresponder) F, T cells, which
typically is permissive only for providing cooperative helper activity for
B cells of responder type, but not of nonresponder type, can be changed
by inducing an allogeneic effect during the priming of such F, mice. This
is true provided the allogeneic effect is induced by cells derived from the
opposite, i.e., responder, parental type. (2) Actually, the ultimate coop-
erating phenotype of GLT-primed F, helper T cells is differentially and
reciprocally directed toward B cells of one parental type or the other
depending on which parental donor cells are used for inducing the
allogeneic effect that takes place during the priming regimen. Thus, F, T
cells primed to GLT under the influence of an allogeneic effect induced
by parental BALB/c cells now provide effective help for nonresponder
A/J B cells, but do not do so for responder BALB/c B cells, and vice
versa. On the other hand, F, T cells primed to GLT under the influence
of an allogeneic effect induced by either parental cell type display
significantly enhanced levels of helper activity for B cells derived from
F, donors.

The fact that the allogeneic effect induces such exquisite discrimi-
natory helper activities when F; T cells are assayed on parental B cells,
but loses this discriminatory aspect when F, B cells serve as the partner
B cells in the assay, is perhaps the most pertinent aspect of these findings
with respect to understanding the regulatory events that these data
reflect. Parenthetically, the results with F, B cells provide additional
arguments against any significant contribution made by contaminating
parental B cells that may be carried over in the final assay system, but
this possibility has been more directly circumvented as described else-
where (Katz et al., 1979).

We believe that these results illustrate the consequences of two
interdependent events that are schematically illustrated in Fig. 3: First,
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Figure 3. Influence of parental-cell-induced allogeneic effect on differentiation of F,
lymphocytes. See the text for explanation.

the allogeneic effect induced by one parental cell type exerts powerful
stimulatory signals that substantially augment the normal differentiation
signals induced by immunization with antigen alone; this has been amply
documented to occur in many previous studies (see Katz, 1977b, Chapter
XI). The consequences of such stimulatory signals are reflected in the
significant enhancement of GLT-specific helper-T-cell activity provided
to B cells from F, responder and nonresponder donors. Of particular
note is the capacity of the allogeneic effect, induced by responder cells,
to draw out permissiveness of F, cells in providing GLT-specific help to
the nonresponder B cells. Thus, the allogeneic effect has obviously
provided the necessary stimulus, in addition to antigen, to encourage the
differentiation of the subset of nonresponder T cells capable of interacting
with DNP-primed nonresponder B cells.

The fact that the allogeneic effect was effective in inducing GLT-
specific helper T cells, presumably of the ‘‘nonresponder-type’’ subset,
must be viewed with serious consideration in the context of the afore-
mentioned speculations that Ir-gene products react specifically with
antigenic determinants at the level of the macrophage to orient and
display the relevant determinants for recognition by T cells of corre-
sponding specificity. It is difficult to envisage, for example, how an
allogeneic effect could circumvent an absolute requirement for Ir-gene-
controlled antigen display by macrophages. Rather, these data seem to
argue against any such absolute requirement for macrophage presentation
and tend to favor the possibility that the allogeneic effect permits the
development of GLT-specific F, helper cells capable of interacting with
nonresponder B cells by either (1) direct stimulation of the ‘‘nonrespon-
der-type’’ subset of F, GLT-specific T cells to differentiate into effective
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helper cells or (2) elimination of some type of inherent suppressive
mechanism that normally blocks development of GLT-specific helper T
cells capable of cooperating with nonresponder B cells.

The second of the two interdependent events, and by far the more
difficult to address, pertains to the explanation for the very striking
discriminatory aspects of helper activities when F, T cells primed to
antigen under influence of an allogeneic effect are assayed on parental B
cells. Obviously, no direct evidence is available at present to permit
conclusions concerning this aspect of the data. Nevertheless, we consider
it possible that aside from the stimulatory consequences of the allogeneic
effect in inducing helper-T-cell function as discussed above, a second
consequence may be the stimulation of an F, response against certain of
its own receptors that self-recognize native CI determinants (aCI). Thus,
as illustrated in Fig. 3, when parental B cells induce an allogeneic effect
in an (A X B) F,, the response within the F, would be directed against
self-receptors for B-type CI molecules (anti-aClj), and vice versa. These
types of anti-*‘idiotype’’ responses against self-recognizing receptors
would be capable of preventing development of helper T cells belonging
to the corresponding parental-type T-cell subpopulation without adverse-
ly affecting the development of helper cells corresponding to the opposite
parental-type T-cell subpopulation.

If studies currently in progress demonstrate anti-aCI reactions to be
the mechanism responsible for the data just described, then one wonders
what relationship such anti-aCI responses might have to the whole
picture portrayed by Ir genes and the specificity they appear to display
for the antigens under their control.

Let us now return to the premise stated at the outset of this section,
namely, that Ir genes encode CI molecules. If Ir genes are actually CI
genes and if CI molecules are distinct entities from antigen-specific
receptors, how then do Ir genes exert such apparent specificity for
antigen in responses over which they display control? In the context of
the model being proposed here, there are three possible answers to this
question depending on whether Ir genes encode molecules serving as (1)
aClI receptors (at least in part), alone; (2) target CI molecules themselves;
or (3) both aClI receptors and target CI molecules. These possibilities
will be considered separately below.

If Ir genes encode aCI receptor molecules alone, either in part or
whole, then it must be assumed that the affiliation of specific antigen-
binding receptors on a given lymphocyte and the aCI receptor expressed
by that same cell is somehow linked, either genetically or epigenetically,
within a given individual of the species. Nevertheless, such affiliations
could be initially random within the species at large. As discussed above,
during the process of adaptive differentiation within a given individual,
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high-affinity aCI cells that are reactive with self-CI molecules of that
individual’s environment are deleted. It follows, then, that among the
populations of deleted high-affinity cells would exist a certain fraction of
the V-gene repertoire for non-MHC antigens; this fraction of the reper-
toire would therefore be functionally silent. Thus, if the antigen receptor
for X happened to be affiliated consistently with a high-affinity «CI,
receptor molecule within the environment of individual A, then functional
deletion of such high-affinity aCI, cells would concomitantly be pheno-
typically displayed as an inability to develop responses to antigen X.
Since abortion of high-affinity aCI, cells merely implies functional
deletion of their CI-molecule-binding capability, such cells could still be
present in the population. In this case, they would display their antigen-
specific receptors capable of binding X but be impotent with respect to
cooperating with partner cells to make an appropriate response; this is
consistent with experimental observations (Dunham et al., 1972; Him-
merling et al., 1973).

If Ir genes encode target CI molecules, rather than aCI receptors,
how can their apparent specificity for antigen be envisaged? Here again,
the assumptions mentioned above with regard to the affiliation between
antigen-specific receptors and «CI receptors on the same cell still pertain.
However, an additional mechanism for /r-gene-linked unresponsiveness
now enters the equation. Let us assume that in individual A, there is
heterogeneity among CI, that we can denote Cl,;, 49, 43, erc.; fOr €ach CI,
specificity, there will be corresponding aCl, receptors, i.e., aCl,;, aCl,,
«Cl 3, and so on, each of which will be affiliated with certain antigen-
specific receptors. Let us further assume that the Ir-GLT gene encodes,
in nonresponder individual A, CI,; molecules; specificity of Ir-gene
function in this case reflects an affiliation on the same cells of anti-GLT
receptors with aCI,; receptors. Anything that prevents the reaction
«Cl,; — CI,, would be manifested as specific unresponsiveness to GLT,
for example, something analogous to an anti-aCl,, idiotype reaction, as
suggested above. Perhaps a nonresponder individual displays that phen-
otype because, for some reason, aCl, is particularly effective in eliciting
a strong (and early) anti-«CI,, reaction that, in turn, blunts any possible
response to GLT from developing.

These two possible mechanisms by which Ir genes may function are
by no means mutually exclusive. It is pertinent to emphasize the fact
that although in both circumstances the phenotypic effect is displayed as
poor responsiveness or nonresponsiveness, there is no defect in Ir-gene
expression per se but rather the consequence of the expression of the
relevant Ir gene. Moreover, if both mechanisms are valid, one can easily
understand how Ir-gene complementation can occur in certain circum-
stances when responder F, hybrids are derived from two nonresponder
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parental strains; in such cases, one nonresponder parent would be so as
a result of one of these mechanisms, and vice versa. In those situations
in which nonresponsiveness may reflect the third possibility mentioned
above—namely that Ir genes encode both «CI receptors and target CI
molecules—and in which both mechanisms just discussed operate si-
multaneously to result in nonresponsiveness, one would not expect to
find a suitable complementing nonresponder partner strain to give rise to
a responding F, hybrid.

This definition of Ir genes also explains why it is easier to find Ir-
gene defects in highly inbred individuals and more difficult to detect such
defects as population heterozygosity increases. It seems likely that as
heterozygosity increases, so would heterogeneity of CI-molecule speci-
ficities possessed by any one individual. This, in turn, would increase
the likelihood that loss of a given aCI-molecule-binding cell (either by
deletion because of high affinity or because of anti-aCI reactions), with
concomitant loss of responsiveness to the antigen for which specific
receptors were affiliated on the same cell, might be compensated by the
association of receptors for the same antigen on cells possessing a
different aCI specificity. Finally, consistent with this reasoning is the
experimental finding that tetraparental bone marrow chimeras construct-
ed from bone marrow populations of nonresponder and responder parent
origins fail to manifest cooperative activity between the responder T cell
and nonresponder B cell (Press and McDevitt, 1977).

8. Conclusions

The process of adaptive differentiation is one in which highly
effective selective mechanisms are initiated by contact between devel-
oping cells and the normal cell-interaction (CI) molecules predominantly
expressed in the surrounding environment. These selective mechanisms
involve self-recognition and result in functional deletion of clones of cells
that possess high-affinity receptors for CI molecules that are predomi-
nantly expressed in the environment. The consequence of this process is
to shift the affinity spectrum of self-recognition toward the lower end,
where cells possessing such low-to-moderate-affinity «CI molecules and
their corresponding receptors are then capable of engaging in functional
interactions necessary for development and maintenance of the system.

A second consequence is that cells with self-recognition capabilities
for all the other CI molecules in the species express such CI-molecule
receptors but, in the absence of environmental selection, are shifted
toward the higher end of the affinity spectrum of CI-binding capabilities.
These cells may play a very important functional role in a surveillance
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mechanism that operates to eliminate the majority of low-to-moderate-
affinity cells of the same CI specificity that have no useful function in the
inappropriate environment in which they find themselves. Because of
their high-affinity binding capacity for CI molecules of other individual
members of the species, certain of these cells manifest alloaggressive
responses in mixed-lymphocyte reactions and other transplantation re-
actions.

Although the precise nature of the molecular interactions involved
in these processes has yet to be defined, it seems clear that these
interactions must occur to a very great extent by direct cell contact. For
several years, we have stressed the fact that self-recognition appears to
be a fundamental biological process concerned with control of many
types of developmental and differentiation events. In this chapter, we
have presented some new thoughts on possible mechanisms of self-
recognition and regulatory interactions in the immune system. In partic-
ular, new speculations concerning Ir genes and the manner in which they
function have been discussed in light of recent experimental observations
as presented here. Clearly, only time and sophisticated molecular ap-
proaches to these issues will ultimately sort out the correct answers.
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The Role of Cell-Surface Antigens in
Progressive Tumor Growth
(Immunological Surveillance
Re-revisited)

Lionel A. Manson

There has been a massive effort mounted during the last decade to
understand malignancy in immunobiological terms. One cannot say at
present that there exists a consensus among workers in the field of tumor
immunology as to the role, if any, that the immune systems of the host
play in the emergence and expansion of a malignant clone to form a
visible tumor that can then continue to grow, metastasize, and kill the
host. The current status of knowledge in the field has been most
succinctly stated by Moller and Moller (1979). They have summarized
the evidence that supports the assumption that most if not all tumors are
clonal in origin, and reviewed our understanding, or lack thereof, of the
role of the immune system in progressive tumor growth. Their discussion
revolves around the postulate that the role of the T-cell system is
immunological surveillance, and that the emergence of a tumor is due to
its failure. They conclude that this postulate is untenable in its present
form. They have described the assumptions inherent in the theory as
follows: ‘‘The only chance for tumors to appear is either when the T cell
system has failed or when tumors possess very weak TSTA which are
not efficiently recognized.”

Lionel A. Manson e The Wistar Institute of Anatomy and Biology, Philadelphia, Penn-
sylvania 19104.
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In this essay, I would like to propose a third possibility that might
rejuvenate the theory, but in a considerably modified form.

We have been studying the host—tumor interactions of a number of
mouse lymphomas and thymomas. All the tumors are compatible with
the host of origin: i.e., the inoculation of as few as 100 cells intraperi-
toneally or subcutaneously leads to the appearance several weeks later
of a massive tumor. Most of our studies were carried out with two
carcinogen-induced tumors, the L-5178Y thymoma and the P815Y mas-
tocytoma, growing in their host of origin, the DBA/2 mouse. I will
concentrate on the data collected during the past several years with these
two tumor systems.

In the earlier studies, it was shown that these two tumors were
immunologically cross-reactive (Goldstein and Manson, 1975: Manson e?
al., 1975), and to the present day there is no immunological test that
differentiates between the two. They are, however, quite different in
behavior in tissue culture and thus can be relatively easily identified. It
was also found that each contained a strong tumor-associated transplan-
tation antigen (TATA). DBA/2 mice could be immunized by mitomycin-
C-treated cells or by a cell-free membrane preparation of the tumor cells,
the microsomal lipoproteins (MLP). After immunization, mice would
reject a challenge of 500 cells, and once having rejected this challenge
were resistant to a further challenge of 1 X 10° cells. Such resistant mice
remain immune to further challenges for many months. In this study, we
also observed that one could not induce a primary cell-mediated T-cell
lympholytic response in DBA/2 spleen cultures in vitro; however, one
could induce large amounts of such ‘‘killer’’ cells in cultures of DBA/2
spleen cells obtained from immunized DBA/2 mice. The Kkiller cells so
induced would kill L-5178Y or P815Y, but not L-1210, another DBA/2
leukemia, or EL-4, a C57BL/6 thymoma.

Since it was observed that the L-5178Y contained a TATA, efforts
were made to obtain an antiserum to this antigen in the syngeneic host.
After multiple immunizations, antibody was detected in immunized mice,
using cultured cells as the solid phase in a radioimmunoassay (RIA)
(Goldstein et al., 1973) and '?*I-labeled L-5178Y MLP in an immunopre-
cipitation test (Manson et al., 1975). This antibody was not cytolytic for
the tumor cells in the presence of rabbit or guinea pig complement.

In continuing studies with the L-5178Y lymphoma, Goldstein (1976)
has made a number of interesting and important observations. He studied
the immunological status of the L-5178Y-tumor-bearing mouse, asking
the question whether an immunological suppression, either specific or
nonspecific, was responsible for the emergence of the L-5178Y tumor
from very small inocula. Using a variety of in vivo and in vitro tests to
evaluate the capacities of the spleens of tumor-bearing mice to mount
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both cell-mediated and humoral responses during progressive tumor
growth, he concluded that as long as the tumor load in the animal was
less than 5 x 107 cells per animal, spleen cells appeared to be immuno-
logically normal. When the tumor load exceeded 5 x 107 cells per animal,
the spleens of such animals were impaired in responding to test antigens.
As has been noted, DBA/2 spleen cells do not develop a primary T-killer-
cell response in in vitro culture, but spleen cells from immunized animals
will. In his studies, spleen cells obtained from mice with a tumor load of
less than 5 X 107 cells per animal behaved as though they were
immunologically naive, and would not develop T killer cells in culture,
even though they would respond to allogeneic cells with a primary
response. Antibody was not detected either in the serum or in the ascitic
fluid of the tumor-bearing mouse in the RIA. It was thus concluded that
the growing ascites did not impress itself immunologically on the immune-
response systems of the host during the critical period of clonal expansion
from 103 cells to 5 X 107 cells. Also, it was clear that immunosuppression
was not operative during this period of time.

During this time, Biddison and Palmer were investigating the pro-
gressive growth of the P815Y ascitic tumor in the DBA/2 mouse (Biddison
and Palmer, 1977; Biddison et al., 1977). Since no immune response has
been found either in the serum or in the spleens of the tumor-bearer,
methods were developed for determining whether an immune response
was detectable in situ in the expanding tumor mass itself. The data that
have been published deal with the studies that were carried out with
respect to the cell-mediated immune responses observable in the tumor
mass. First, as was found in L-5178Y studies, no T-cell responses were
detectable in the spleens or lymph nodes of the tumor-bearing mouse. To
study the tumor mass itself, Biddison and Palmer (1977) separated the
ascitic tumor mass on a Sta-put gradient. The slowest-sedimenting
fraction appeared to be essentially small host lymphocytes, whereas the
largest cells appeared to be P815Y. Several interesting observations were
made. At 10 days after the intraperitoneal inoculation of 1000 P815Y
cells, host lymphocytes could be separated from the ascitic mass that
contained T-killer-cell activity toward P815Y. Unlike the T-killer-cell
activity that is found in immunized DBA/2 spleen-cell cultures, which do
not kill EL4 (an H-2° lymphoma), the ascitic, primary T killer cells were
not H-2 restricted. In Table 1 are shown the cell lines and the strains of
their hosts of origin tested to date that are sensitive to these Kkiller cells
in a 4-hr %'Cr-release assay (Thorn et al., 1974). These T Kkiller cells are
not totally cross-reactive, since two DBA/2 and two A strain cell lines
are not killed. In this respect, they behave in an H-2-unrestricted fashion,
much unlike virus-induced cytotoxic T cells (see Chapters 3 and 8). They
do, however, resemble allogeneic Kkiller T cells, which, by definition, are
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TABLE 1. Sensitivity of Murine Cell Lines to DBA/2-Anti-P815Y Killer Celis

Line Strain of origin  H-2 type Characteristic Sensitivity
P815Y DBA/2 d Methylcholanthrene-induced mastocytoma +
L-5178Y DBA/2 d Methylcholanthrene-induced lymphoma +
GMB86 DBA/2 d Friend-virus-induced leukemia +
EL4 CS57BL/6 b Dimethylbenzanthracene-induced lymphoma +
C57Sv C57BL/6 b SV40-transformed embryo fibroblast +
MC57G C57BL/6 b Methylcholanthrene-induced sarcoma +
G26-23 CS57BL/6 b Methylcholanthrene-induced glioma +
P-815-X2 DBA/2 d Methylcholanthrene-induced mastocytoma -
L-1210 DBA/2 d Methylcholanthrene-induced leukemia -
A-10 A/He a Spontaneous mammary adenocarcinoma -
C-1300NA A a Spontaneous neuroblastoma -
Spleen DBA/2 d — -
Spleen CS7BL/6 b — -

H-2-unrestricted. These effector cells were classified as T cells because
they were sensitive to anti-Thy-1.2 serum, passed through nylon wool,
were nonadherent, and were resistant to an antiimmunoglobulin-plus-
complement treatment that did destroy B cells. This activity was found
only in the ascitic mass of the tumor-bearing animal, as though the
growing ascites acted as an in vivo solid-phase immunoadsorbent and a
filter to which all such cells in the body remained immobilized.

A second intriguing observation was made by Biddison and Palmer
(1977). On day 10, when the T Kkiller cells were found in the ascitic mass,
the P815Y tumor cells obtained from the same Sta-put gradient were
sensitive to these Killer cells (the tumor size on day 10 varied among
animals from 1 to 10 x 107 cells per animal). Those mice that were
untouched for 16 days after inoculation of 1000 cells all had much larger
ascitic tumors, some as large as 40-50 x 107 cells per animal. When the
16-day ascitic tumors were separated on the Sta-put gradient, some
killer-cell activity was seen in the slowest-sedimenting fraction. How-
ever, the P815Y tumor cells obtained from these gradients were com-
pletely resistant to the day 10 or day 16 DBA/2-anti-P815Y Kkiller cells.
These tumor cells were not resistant to allogeneic C57BL/6 anti-DBA/2
spleen killer cells. Not only were the 16-day tumor cells resistant to
direct lysis, but also they would not inhibit DBA/2-anti-P815Y killing in
a cold-target inhibition test. It was concluded that the P815Y had
undergone antigenic modulation and had lost the TATA by an unknown
mechanism. The data suggested that the modulation was reversible, since
after the 16-day tumor cells were cultured for several days, they again
became sensitive to the ascitic Killers. Antibody was not found in the
ascitic fluid or on the tumor cells at that time.
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We have obtained much greater insight into this phenomenon of
antigenic modulation during the last few months. We have been evalu-
ating the number of H-2-antibody-binding sites of both L-5178Y and
P815Y tumor cells growing in vivo either as an ascites or as a solid tumor
(Manson and Fleisher, 1980). The H-2-binding capacity of cells, either
grown in tissue culture or in vivo, is determined by incubating the cells
under saturating conditions with a variety of H-2 antisera, then detecting
the bound antibody with an ['?*I}-rabbit-anti-Fab. The reagent we used in
these studies was prepared by Dr. Michael Cancro and is especially
efficient at detecting IgM. Since normal immunoglobulin binds nonspe-
cifically to the tumors, we must always compare the binding of normal
serum to immune serum to evaluate specific binding. In Tables 2 and 3
are shown the results of two experiments, one with L-5178Y growing as
a solid tumor and one with P815Y growing as an ascites tumor in DBA/
2 mice. What is notable in both experiments, and these are just two
examples of many such experiments, is that with time in vivo, the H-2-
antibody-binding capacity of the tumor cells disappears. This appears to
be due to an increase in the binding capacity of the in vivo grown cells
with the ['?°I]-anti-Fab reagent directly (cells incubated in buffer) and no
further increase in the capacity of the in vivo grown cells to bind
additional amounts of H-2 antibody. This increase in background binding
is progressive with time, as can be seen by comparing the day 16 cells
with the day 10 tumor cells. To date, we know that no significant amounts
of antitumor immunoglobulin are detectable in the day 10 or day 16
ascitic fluid or in the serum of the tumor-bearing animals. Control
experiments have shown that prior incubation of P815Y cells in undiluted
16-day ascitic fluid or in undiluted DBA/2 serum does not prevent to any
significant extent the subsequent binding of specific H-2 antibodies.
Other control experiments indicate that the molecules detected by

TABLE 2. H-2-Binding Activity of P815Y Grown in
DBA/2 Mice as Ascites®

Antiserum T.C. controls Day 10 Day 16
Buffer 754 4,742 11,550
Normal 2,593 5,186 10,034

a L-5178Y 14,619 12,026 12,902 7,716 15,219 4,001
D-31 5,578 2,985 8,484 3,278 13,534 1,984
D-13 10,884 8,291 10,551 5,365 12,690 1,140

o All antisera were used at a 1:100 dilution. Values are cpm/0.25 x 108
cells. The input [?>*I}-anti-Fab was 4 x 105 cpm/0.1 ml. The values in
italics were obtained by subtracting the radioactivity bound to cells
treated with normal serum from that found after inmune-serum treat-
ment.
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TABLE 3. H-2-Binding Activity of L-5178Y Grown
in Vivo as a Solid Tumor in DBA/2 Mice?

Antiserum T.C. controls Day 15
Buffer 803 + 103 17,735 += 726
Normal 8,667 = 211 16,182 + 844

o L-5178Y 32,418 =+ 227 23,751 34,964 = 591 18,783
D-31 14,313 = 273 5,646 18,315 = 300 2,134
D-4 18,199 + 997 9,533 17,225 = 377 1,044

2 All antisera were used at a 1:50 dilution. Values are cpm/0.25 x
10° cells. The input ['*3I}-anti-Fab was 7.0 x 10° cpm/0.1 ml. The
values in italics were obtained by subtracting the radioactivity
bound to cells treated with normal serum from that found after
immune-serum treatment.

radioactive reagents on the in vivo grown cells appear to be IgM-like,
and their presence on the cells inhibits these cells from binding additional
amounts of H-2 antibody. To date, we have carried out a few experiments
in which H-2-binding sites were assayed on cells raised in vivo that were
also tested for sensitivity to ascitic Killer cells. In one such case, the 16-
day cells were resistant, and they appeared saturated with respect to H-
2-antibody-binding. In another case, the tumors were extremely large,
the tumor cells were sensitive to the Killer cells, and they did show the
capacity to bind additional H-2 antibody. Many more such experiments
must be carried out before anecdotal data described above can be
considered as even indicating a trend, let alone proving the point.

In an investigation parallel to the in vivo studies, we have been
investigating the biochemical properties of the H-2 antigens of the L-
5178Y cells (Manson and Moav, 1979). In DBA/2 spleen cells, we have
found, as have many others, that from Nonidet P-40 lysates of labeled
cells, two major peaks are seen when immunoprecipitates are analyzed
in sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE), one a glycoprotein of 45,000 daltons and a protein peak of
11,500, B2-microglobulin. From L-5178Y immunoprecipitates with stan-
dard anti-H-29 antisera, we see a complex of additional glycoproteins,
behaving in SDS-PAGE as though they were of 8000, 33,000, and 55,000
daltons in size. The data suggest that these additional glycoproteins are
hydrophobically associated with the H-2K and D gene products in the
membrane.

There is a reasonable explanation that fits all the data cited above.
There may be in these tumor lines H-2-associated peptides in the
membrane complex that create additional antigenic determinants that the
immune system of the syngeneic host sees as foreign or interprets to be
‘‘allogeneic.”” As the tumor grows, a ‘‘strong’ primary cell-mediated
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immune response develops, which we see as nonrestricted T cell Killers.
In parallel to this cell-mediated response, there also develops a primary
IgM humoral response to the same determinants. This tumor antigen
may be different from the TATA that we observed in our early studies,
because T cell killers to that antigen were not cross-reactive nor were
they H-2-unrestricted (Manson et al., 1975). To differentiate this antigen
from the antigen involved in inducing the primary responses just de-
scribed, I will call the latter emergence-associated tumor antigen
(EATA), since it is the responses to this latter antigenic system that
permit the tumor to escape immune surveillance. The high degree of
cross-reactivity manifested by the killer cells suggests that this antigen
can be found on a variety of transplantable tumor lines differing greatly
in their origin. This in itself is difficult to accept, let alone the concept
that what is being seen with these long-transplantable tumors resembles
what is found in the case of the spontaneous, autochthonous tumor
emerging in the original host. It is also clear that some tumors do not fall
into this class; we have reported one such case just recently (Tax and
Manson, 1979), the A-10 tumor in the A/J mouse. In this latter case, no
TATA or EATA at all was demonstrable.

The data that we have accumulated suggest that some tumors grow
progressively from small inocula even though they can induce *‘strong”
primary immune responses, both humoral and cell-mediated. The mech-
anism of escape from the T-cell-mediated response may be via the
formation of an antibody that binds firmly to the target site on the tumor
cell to which the T cell would normally bind. For the response to develop
as rapidly as we have seen with L-5178Y or P815Y, the antigen should
be considered ‘‘strong’’ rather than ‘‘weak.”” One might expect an
‘“altered H-2-antigen complex’’ to be such an antigen, since the immune
system would then react to this ‘‘altered H-2-antigen’’ as though it were
allogeneic to the host’s immune system. In the original description of
immunological surveillance, it was postulated that tumors are ‘‘weakly”’
antigenic. Very few attempts have been made to evaluate the in situ
immune responses. As a consequence, a strong immune response that
localizes effectors at the tumor site might appear to be weak or non-
existent when effectors are looked for in lymph nodes, spleen, or serum.
It is to be hoped that a more careful examination of irn vivo responses,
especially at the tumor site, will provide further support for the concepts
proposed in this review.
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Self-HLA-D-Region Products Restrict
Human T-Lymphocyte Activation by
Antigen

E. Thorsby, B. Bergholtz, and H. Nousiainen

1. Introduction

Numerous recent studies in rodents have demonstrated that T-cell
immune responses to antigen are restricted by products of the major
histocompatibility complex (MHC) of the animal under study [for refer-
ences, see Paul and Benacerraf (1977) and Thorsby (1978), as well as
Chapters 1, 3, and 8]. Available data may be summarized as follows:

1. Macrophage-dependent antigen activation of T cells involves
corecognition of antigen and products of the MHC immune-response (1)
region.

2. T-cell help for B-cell antibody production involves recognition of
the MHC I-region products expressed in the B cells.

3. T-cell cytotoxicity against virus-infected or chemically modified
target cells, or target cells expressing minor histocompatibility antigens,
involves corecognition of the MHC D- or K-region products.

These and other observations have led to the concept that T cells
can only be activated by foreign antigen, or help B cells produce
antibodies to antigens, in the context of self-MHC products, either
because: (1) the foreign antigen in complex with self-MHC products
produces new antigenic determinants (NADs) that are the immunogenic
principle being recognized on macrophages, B cells, or other target cells

E. Thorsby, B. Bergholtz, and H. Nousiainen e Tissue Typing Laboratory, Rikshospitalet
(The National Hospital), Oslo, Norway.
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(““altered self’’); or because (2) T cells have two receptors, one of low
avidity for self-MHC, the other for foreign antigen (x), and both must
combine to trigger a T-cell response (‘‘dual recognition’’).

The self-MHC restriction appears to be imposed on T cells during
their development in the fetal thymus, and is independent of antigen also
being recognized. Antigen activation of T cells in the periphery requires
that antigen be presented by cells expressing the same MHC-region
products as those that T cells met during thymic development (Zinker-
nagel et al., 1978a,b; Waldmann et al., 1979).

These observations have important implications for the mechanism
of gene control of the immune response. It has been known for many
years that the MHC includes immune-response (Ir) genes that control
the ability of T cells to respond to given antigens. One explanation for
their function has been that they either code for or influence the
specificity of the T-cell receptor (Benacerraf and McDevitt, 1972). Some
recent data are difficult to fit in with this concept, for example, the fact
that most workers have had great difficulties in detecting I-region-
encoded cell-membrane products, the immune-associated (Ia) antigens,
on resting T cells (Himmerling, 1976). More important, recent data have
shown that T lymphocytes of low-responder MHC type, which opera-
tionally lack the corresponding Ir gene, can be converted to a high-
responder type if permitted to develop in a thymus from high-responder
animals (Press and McDevitt, 1977; Zinkernagel et al., 1978c; Billings et
al., 1978; von Boehmer et al., 1978). Thus, high or low responsiveness
to a given antigen appears to be determined by the MHC alleles expressed
in the thymus and peripheral environment, and not by the MHC alleles
expressed in the T cells. This would further indicate that the MHC
products that restrict the T-cell immune responses (the self-Ia molecules
for the T helper cells and the self-D/K molecules for the cytotoxic T
cells) may be identical to the Ir-gene products. For example, Ia and D/K
molecules expressing different allotypic variants may differ in their
ability to display antigenic determinants in an immunogenic way to T
lymphocytes, because of differences in capacity either to combine with
or to be modified by antigen. (For discussion, see also Benacerraf and
Germain, 1978; Thorsby, 1978.)

The concept of MHC restriction of T-cell immune responses of
course has important implications for clinical immunology and histocom-
patibility. The human MHC, the HLA complex, is structurally and
functionally closely related to the rodent MHC, and it was to be expected
that human T-cell immune responses are similarly restricted by self-HLA
products.

In the following, a short review of some of our own recent studies
on self-HLA-D/DR restriction of human T-cell immune responses will
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be given. Some clinical and biological implications of these findings will
also be discussed.

2. The HLA-D/DR and Rodent /-Region Cell-Membrane
Products are Analogous

It is necessary first to briefly discuss this assumption. The known
cell-membrane products of the HLA-D region carry alloantigenic deter-
minants that induce T-cell proliferative responses, D determinants, and
determinants that induce alloantibody production, D-related (DR) deter-
minants. The former have mainly been detected on macrophages and B
lymphocytes (references in Albrechtsen and Lied, 1978), but also appear
to be present on some skin cells, endothelial cells, and possibly sperm
(for references, see Thorsby et al., 1977). Similarly, the antibody-inducing
DR determinants are present on macrophages and B lymphocytes, as
well as on the macrophage-like Langerhans cells in the epidermis,
endothelial cells, and possibly sperm (references in Thorsby et al., 1977,
1978). In addition, some subpopulations of human T cells appear to
express the DR determinants, namely, the T cells initially responding to
the mitogen concanavalin A (Con A) (Albrechtsen et al., 1977a), as well
as the suppressor T cells that can be generated in mixed-lymphocyte
cultures (MLCs) (Hirschberg and Thorsby, 1977). Other functionally
different subsets of T cells were not found to express DR determinants
in a resting stage (Albrechtsen et al., 1977a), but may express them after
blastic transformation (Fu et al., 1978; Evans et al., 1978).

This tissue distribution is very similar to that found for the murine
Ia determinants (Himmerling, 1976; Niederhuber and Frelinger, 1976,
Murphy et al., 1976; Ahmann et al., 1978). A summary is given in Table
1.

The HLLA-DR molecules are composed of two noncovalently linked
glycosylated polypeptides of molecular weight 29,000 and 33,000, and
thus also biochemically closely resemble the murine Ia molecules
(Barnstable et al., 1978). Furthermore, both the HLA-D and the H-21
region control the strongest ML C-activating determinants, and anti-DR
antibodies (Albrechtsen et al., 1977b) and anti-1a antibodies (Meo et al.,
1975) specifically inhibit the stimulating but not the responding cells in
MLCs. In the mouse, different loci in the H-2I region appear to control
Ia antigens (Shreffler et al., 1977). There is little evidence of more than
one locus in the D region determining DR antigens (see Bodmer et al.,
1978), but some more recent studies have indicated that additional HLA
loci coding for other ‘‘DR-like’” specificities may exist (Abelson and
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TABLE 1. Distribution of DR and la Antigens on
Lymphoid Cells

Cells DR (man) Ia (mouse)

Macrophages + +

B lymphocytes + +

T cells
Proliferating to antigen —a -
Responding in MLC —a -
Cytotoxic —a -
Suppressor +b +¢
PHA-sensitive (progenitor) - -
Con-A-sensitive (progenitor) +? +d

% May express DR after activation.

> DR antigen may be different from those expressed on macrophages
and B cells.

¢ Determined by the I-J subregion.

4 May express both I-A- and I-J-coded determinants.

Mann, 1978; Tosi et al., 1978). Taken together, available data support
the assumption that the HLA-D and the murine / regions are analogous.

The exact relationship between the T-cell-activating D determinants
and those inducing antibody production, the DR determinants, is not
known, but most available data suggest that they are present on the same
gene product [for discussion, see Thorsby (1979) and Vol. 1, Chapter
12]. For this reason, the term D/DR is used to designate these cell-
membrane molecules.

3. Self-HLA-D/DR Restriction of T Cells Sensitized in Vivo

3.1. The T-Cell Proliferative Response to PPD in Vitro Is
Macrophage-Dependent

To study possible HLA-D restriction of human T-cell immune
responses, we first selected purified protein derivative (PPD) of tuberculin
as antigen, since most individuals in this country are immunized with
BCG as teenagers and react positively to skin-testing with PPD. First,
we demonstrated that an in vitro response to this antigen requires T cells
from sensitized individuals and that antigen be presented by viable
macrophages.

Table 2 presents the results of an experiment in which T cells from
four different sensitized donors were cultured with or without PPD and
with or without autologous adherent macrophages (details in Bergholtz
and Thorsby, 1979a). It can be clearly seen from this table that the PPD
response was macrophage-dependent and that there was no significant
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TABLE 2. T-Lymphocyte Stimulation by PPD Macrophages?

No macrophages 5 x 10® Autologous Macrophages (M)
Cell Wells ‘“‘pulsed”’ M¢ pulsed
donor PPD (2.5 pg/ml) with PPD No PPD PPD (2.5 pg/ml) with PPD?
E.B. 198 + 61 72 + 33 140 = 44 1,274 + 248 1,766 + 131
E.T. 214 = 30 102 = 26 158 + 40 4,158 + 473 3,429 = 360
A.T. 903 + 207 349 + 52 429 + 131 11,635 + 323 13,256 + 885
B.B. 230 + 81 93 = 17 307 = 88 3,531 + 388 4,166 + 248

¢ In this experiment, 5 X 10* T lymphocytes [produced by rosetting with S ,2-aminoethylisothiouronium
(AET)-treated sheep red blood cells (SRBC)] were cultured with or without 2.5 ug PPD and with or
without 5 x 10° adherent cells in RPMI 1640 with antibiotics and 20% normal human serum for 5
days in the wells of flat-bottomed microtiter plates. The adherent cells were prepared by culturing
peripheral-blood mononuclear cells for 20 hr in tissue culture flasks removing non-adherent cells.
[*H]Thymidine was added 24 hr before harvesting. Values are mean cpm + S.E.

® In these experiments, 5 X 10° adherent cells were first incubated for 24 hr with 2.5 ug PPD/ml, and
then washed, before T cells were added.

difference in stimulating activity whether T cells were cocultured with
macrophages and soluble PPD or PPD-pulsed macrophages. Macro-
phages alone did not respond to PPD (Bergholtz and Thorsby, 1977). In
other experiments (Bergholtz and Thorsby, 1979a), we also showed that
the macrophages had to be viable to be able to induce a PPD-specific
response, and that the macrophages could not be replaced by superna-
tants from antigen-pulsed macrophages or by 2-mercaptoethanol.

The requirement for T cells from sensitized donors was studied in
experiments using T cells and macrophages from newborn babies (Bergh-
oltz and Thorsby, 1979a). Table 3 shows the results of one experiment.
It can be seen from this table that in the presence of autologous
macrophages, T cells from the adult sensitized donor (A) will respond to

TABLE 3. Requirement of the PPD Response for Sensitized T Cells®

Macrophages
T cells PPD - A N PHA + M¢
Adult (A) - 233+ 51 2717+ 90 299 + 102 12,195 = 1351
(5/8)° + 470 = 104 2192 + 631 1989 + 511
237 1915 1690
Neonate (N) - 136 + 13 411 = 38 326 = 91 9,209 + 740
(5/8)® + 143 + 54 421+ 90 289 + S0
7 10 0

@ Values are mean cpm + S.E. Values beneath the line in the PPD+ rows are the incremental
responses (Acpm).
® HLA-D phenotype of the donor.
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PPD. On the other hand, T cells from the newborn (N) in the presence
of autologous macrophages (N) will not respond to PPD, but respond
normally to phytohemagglutinin (PHA). Similar results were found using
other cell donors, both newborn and nonimmunized youths. Table 3 also
reveals another interesting phenomenon. While T cells from the neonatal
donor are not able to respond to PPD, his macrophages can induce a
PPD response in T cells from sensitized HLA-D-identical adults. Thus,
macrophages need not stem from sensitized donors.

3.2. The Antigen-Presenting Macrophages Must Share at Least One
HLA-D/DR Determinant with the T-Cell Donor

To study whether the PPD response was HLA-D-restricted, T cells
were stimulated with PPD and macrophages from HLA-D-identical,
semiidentical, or totally incompatible donors. The results of one of a
series of experiments (Bergholtz and Thorsby, 1977, 1978) are given in
Table 4. It can be seen that allogeneic macrophages that are of type Dw3/
Dw8, and thus share one HLA-D/DR determinant (Dw3) with the T-cell
donor (Dw3/Dw3), can induce a PPD response of the T cells of approx-
imately the same magnitude as the PPD response with autologous
macrophages (Dw3/Dw3), while totally HLA-D-incompatible macro-
phages (Dw7/—) are not capable of doing this.

Figure 1 gives the combined results of these experiments. The PPD
response is expressed as the percentage relative antigen-specific stimu-
lation (RAgS), relating the PPD response obtained with allogeneic mac-
rophages (after subtraction of the allogeneic response without PPD) to
that obtained with autologous macrophages and PPD [(= 100%) see
footnote b in Table 4 for explanation]. It can be clearly seen that an
optimal PPD response generally requires that the donors of the T cells

TABLE 4. HLA-D Restriction of T Cell-Macrophage Collaboration

5 x 10°

Responses of 5 x 10* Dw3/Dw3 T cells
Macrophages

HLA-D phenotype  Without PPD*  PPD (2.5 ug/ml)* Acpm  RAgS®

— 5+« 3 231 = 127 226 —
Dw3/Dw3 38+ 31 4830 = 331 4792 100
Dw3/Dw8 1487 = 22 5393 = 234 3906 81
Dw7/- 1807 = 106 2191 = 193 348 3

% Values are the mean cpm of triplicate determinations *+ S.E.

b (RAgS) Relative antigen-specific stimulation = (Acpm with allogeneic M¢ — Acpm without
M¢)/(Acpm with autologous M¢ — Acpm without M¢), where Acpm is the difference in
[*H]thymidine uptake between PPD-stimulated cultures and the same cultures without
PPD added.
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and macrophages share at least one HLA-D determinant. These obser-
vations have recently also been confirmed by Hansen S¢nderstrup et al.
(1978). We have also recently found a similar HLA-D/DR restriction of
the in vitro proliferative response of T cells from herpes-simplex-virus
(HSV) sensitized individuals to HSV antigen (Berle and Thorsby, 1980).

3.3. Lack of Cooperation between Cells from HLA-D-Disparate
Donors Is Not Due to Suppression or Cytotoxicity Caused by
the Allogeneic Responses

The data summarized above indicate that self-HLA-D expressed in
macrophages participates in inducing a T-cell response to foreign antigen
(PPD). However, in all combinations of macrophages and T cells from
HLA-D-disparate donors, even without antigen a proliferative response
will occur, induced by the foreign HLA-D-region product expressed in
the macrophages (see Table 4). It could be speculated that the lack of
cooperation between cells from HLA-D-disparate donors is due to
suppressive factors also being generated.

One argument against this is that the allogeneic response seen in the
combinations sharing only one HLA-D determinant was usually not
much less than when the donors were incompatible for both (Table 4).
However, to study this further, experiments were performed in which T
cells were stimulated with PPD in the presence of autologous macro-
phages, HLA-D-incompatible macrophages, or a mixture of both. Table
5 shows the results of two different experiments. It can be seen that the
PPD-specific response found when the T cells and autologous macro-
phages were cocultured was only slightly inhibited by the simultaneous

1004

Figure 1. PPD responses of allogeneic T lympho- 50
cyte—macrophage combinations expressed as relative
antigen-specific stimulation (RAgS), and grouped ac- i
cording to whether they share 2, 1, or no (0) HLA-D/ :
DR determinants. The distributions and medians are &
plotted. 2 ) 0
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presence of allogeneic HLA-D-disparate macrophages, even though an
allogeneic response is clearly seen in the latter three-cell combinations.

It can still be argued that since killed macrophages are not able to
induce a PPD response in sensitized T cells, the inability of HLA-D-
disparate macrophages to induce an antigen-specific response could be
due to their being killed through generation of cytotoxic T cells in the
allogeneic cell mixture. Experiments were performed to investigate this
possibility (Bergholtz and Thorsby, 1979a). Macrophages and HLA-
incompatible T cells were cocultured for 5 days. The cultures were then
irradiated (2000 rads) before the addition of PPD and 5 x 10* freshly
prepared T cells from the macrophage cell donor. After another 5 days,
the PPD response was assayed. Control cultures were included in which
macrophages were precultured alone before the addition of PPD and T
cells. The results obtained in these experiments are given in Fig. 2. It
can be seen that the preculturing of macrophages with T cells from an
HLA-incompatible individual did not reduce their ability to cooperate
with autologous T cells. In fact, a significant increase in the PPD response
was seen after this preculture.

On the basis of these experiments, it can be concluded that the lack
of cooperation between macrophages and T cells from HLA-disparate
donors is not due to generation of cytotoxicity or to suppression gener-
ated as a result of the allogeneic response.

TABLE 5. PPD Responses in Autologous T Lymphocyte—
Macrophage Combinations: Influence of the Presence of
HLA-D-Incompatible Macrophages in the Cultures

T-lymphocyte Without PPD

donor® M¢? donor PPDe (2.5 pg/ml)° Acpm
A3/~ A 112 = 26 3723 + 243 3611
A B 1342 = 178 2193 = 416 851
A A+ B 1694 + 424 4543 + 818 2849
B 1/2 B 323 + 116 2892 + 333 2569
B A 826 + 102 1157 + 200 331
B B+A 1002 + 183 3247 + 326 2245
C 58 C 63 = 30 1326 = 221 1263
C D 703 = 143 950 + 117 247
C C+D 690 = 131 1551 = 297 961
D -/- D 79+ 14 1066 + 132 987
D C 541 = 36 459 = 14 0
D D+ C 563 = 91 1662 * 393 1099

2 The donor HLA-D phenotypes are given. ® (M¢) Macrophages.
¢ Values are mean cpm + S.E.
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3.4. Anti-DR Antibodies Will Specifically Inhibit the Antigen-
Specific Response

If the self-D/DR molecules participate in antigen activation of T
cells, antibodies reacting with the appropriate self-D/DR molecules
should be able to inhibit the response. To investigate this, we used our
anti-DR antisera produced by planned immunization (Albrechtsen et al.,
1977¢). Different combinations of cells from unrelated donors homozy-
gous or heterozygous at the HLA-D locus were stimulated with PPD in
the presence or absence of these heat-inactivated anti-DR antisera
(Bergholtz and Thorsby, 1978). Table 6 shows the results of a typical
experiment. It can be seen that the two anti-DR antisera exerted a
pronounced inhibitory effect on the PPD response provided the antiserum
recognized the HLA-DR antigens shared by the macrophages and T-cell
donor, i.e., those present in the initial sensitizing environment in vivo.
The inhibition was significantly less when the antigen recognized ‘‘irrel-
evant’’ DR antigens—i.e., DR antigens expressed only by the macro-
phages and not by the T-cell donor—and no inhibition was seen if the
antiserum recognized DR antigens carried by the T-cell donor but absent
from the antigen-presenting macrophages (data not shown).

The combined results of these experiments are given in Fig. 3,
expressed as the percentage residual stimulation. Again, it can be seen
that significant inhibition was observed only when the antiserum recog-
nized DR antigens shared by the macrophages and T-cell donor, i.e., the
restricting HLA-D determinant present during initial sensitization. That
this was a specific effect was shown by the much less or no inhibitory
action of antisera recognizing the irrelevant DR antigen expressed in the
macrophages only. Similar experiments were performed with anti-HLA-

Figure 2. PPD responses of 5 x 10* T cells cultured !
with PPD and without (No M¢) or with 5 x 10°
autologous M¢. Before being added to the T cells and NoMe Mapre- Mg precult.
PPD, the M¢ were precultured for 5 days either alone cult.alone with HLA

incomp.
or together with 5 x 10* HLA-incompatible T cells. T-cells
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A and -B antisera (Bergholtz and Thorsby, 1978). These behaved differ-
ently in that inhibition was seen when the antisera recognized HLA-A
and/or -B antigens carried by the T cells, irrespective of whether or not
the macrophages also possessed the same antigens. Again, only weak or
no inhibition was seen when the antiserum reacted only with the
macrophages. Thus, the effects of the antisera cannot be explained by
nonspecific distortion of the macrophage cell membrane. Only when the
expression of the restricting HLA-DR determinant was disturbed by
antibody was strong inhibition seen.

3.5. Clonal Distribution of HLA-D/DR-Restricted Antigen-Specific
T Cells

The studies summarized above strongly suggest that T lymphocytes
from individuals previously sensitized with antigen will respond in vitro
only when confronted with antigen together with one of the HLA-D/DR
molecules present in the initial sensitizing environment. Thus, the re-
sponse is restricted by self-HLA-D/DR. This would indicate that, for
example, in parallel with data from studies in the guinea pig (Rosenthal
et al., 1977), in HLA-D/DR-heterozygous donors, two separate T-cell
clones exist, one recognizing PPD together with the self-HLA-D/DR
determinant derived from the one parent, the other recognizing PPD
together with the self-HLA-D/DR determinant inherited from the other
parent. To test this assumption, we performed studies using our previ-
ously reported ‘‘hot-pulse suicide technique,”’ eliminating cells that
synthesize DNA and proliferate in response to antigen stimulation in
vitro, by adding ‘‘hot-pulse’’ [*H]thymidine (Hirschberg and Thorsby,
1973). Part of the results of one of our experiments are given in Table 7.

We first showed that the technique could be used to eliminate the
PPD-responsive clones of T cells from individuals sensitive to this

“%RS HLA-DR antisera
1507

1004 _= e . Figure 3. Inhibitory effects of anti-HLA-DR

] antisera on the PPD responses of allogeneic T
¢ —+ lymphocyte—-macrophage combinations sharing
at least one HLA-D/DR determinant. The data,
expressed as percentage residual stimulation
(%RS) on the ordinate, are grouped according to
the reactivity of the antiserum with the T-lym-
phocyte and macrophage donors, indicated by +
or — along the abscissa.

50

Donor
positve T

with
antiserum M¢ - - .

+
'

+ o+ ﬁaa“*“ .
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TABLE 6. Inhibition of the PPD Stimulation of Different Combinations of
T Lymphocytes and Macrophages with Anti-DR Antisera

NS? Anti-DRw2 Anti-DRw3
T lymphocytes® M¢* PPD (cpm + S.E.)* cpm + S.E.* % RS® cpm = S.E.” % RS¢
A (22) A2 - 131 = 43 87 = 30 119 = 41
2) + 1155 = 127 564 + 58 1091 = 91
1024 447 44 972 95
A (272) C(3) - 1046 = 97 493 = 88 334 =+ 60
+ 2818 = 37 795 = 53 1228 + 191
1772 302 17 3% 50
B (3/3) B@313) - 49+ 7 83+ 18 141 = 32
+ 4993 + 297 2459 = 125 1607 = 46
4444 2376 53 1466 33
B (3/3) c@3 - 612 = 129 329 + 52 354 £ 72
+ 2685 + 120 2062 + 143 1243 = 93
2073 1743 84 889 43

¢ HLA-DR phenotype indicated in parentheses.
> (NS) Normal serum.
¢ (% RS) Percent relative stimulation (i.e., response in antiserum/response in normal serum X 100).
¢ The third value in each group (centered beneath the two cpm + S.E. values) is the incremental cpm

(cpm with antigen — cpm without antigen).

antigen. When T cells from a PPD-sensitive donor (A; D/DRw1/4) were
first precultured with autologous or allogeneic (D) macrophages, without
PPD but with [*H]thymidine of high specific activity, for 48 hr, they were
still able to give a PPD-specific response together with autologous or
allogeneic macrophages sharing either one (B; D/DRw 1/1) or the other
(C; D/DRw 4/4) D/DR determinant of the T-cell donor (lines 1 and 2 in

TABLE 7. Recognition of PPD in HLA-D/DR-Heterozygous Donors by Two

Separate HLA-D/DR-restricted T-Cell Clones

Restimulated with macrophages from?:

A (1/9) B (/D) C (4/9)
Not PPD PPD PPD

Hot-pulse restim-

culture® ulated — + A - + A — + A
T, + Mo, 107 108 2116 2008 181 1163 982 132 3999 3867
T, + M¢p 791 1194 5703 4509 1816 2922 1106 2368 7668 5300
T, + M¢, + PPD 314 204 456 252 277 386 109 295 686 391
T, + M¢s + PPD 444 269 1278 1009 286 543 257 318 2563 2245
T, + M¢¢c + PPD 507 593 1921 1328 392 1880 1488 609 526 —83

¢ [*H]Thymidine of high specific activity was added after 24 and 48 hr. After 72 hr, 5 x 10* T cells were
restimulated with 1 x 10* macrophages + PPD as given in the right hand side of the table. Values are the
median cpm of triplicate determinations.
> Restimulation was with macrophages [e.g., non-T cells (=~ 30% latex-ingesting cells)] in the absence (—) or
in the presence (+) of PPD (2.5 ug/ml). (A) Incremental response (i.e., response with PPD — response

without PPD).
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Table 7). However, when the T cells were precultured together with
autologous macrophages, PPD, and hot-pulse thymidine, a response
against PPD together with the autologous or compatible macrophages (B
and C) was no longer seen (line 3). More important, when the T cells
from A (1/4) were hot-pulse precultured together with PPD and macro-
phages from B (1/1), the PPD response together with macrophages from
B and not C (4/4) was abolished (line 4). Opposite results were obtained
when the T cells were first hot-pulse precultured with macrophages from
C and PPD (line 5).

Similar results were obtained in another experiment involving other
cell donors (Hirschberg et al., 1979) and demonstrate that in D/DR-
heterozygous individuals, two separate HLA-D/DR-restricted antigen-
specific T-cell clones exist.

3.6. B Lymphocytes Expressing Self-HLA-D Are Not Able to
Substitute for Macrophages in Antigen Activation

In the experiments hitherto reported, macrophage-enriched cell
suspensions were used as antigen-presenting cells. However, B cells also
express the HLLA-D/DR determinants. The question therefore arises
whether B cells in conjunction with antigen might also be able to elicit
an HLA-D/DR-restricted antigen activation of sensitized T cells.

To study this, we prepared B-cell-enriched, macrophage-depleted
cell suspensions by first culturing the T-cell-depleted suspensions over-
night in tissue culture flasks, then performing a new .S, 2-aminoethyli-
sothiouronium-sheep red blood cell (AET-SRBC) rosetting, followed by
incubation in a glass-bead column. The resulting cell suspensions con-
tained less than 1% latex-ingesting cells and more than 60% cells that
carried cell-membrane-bound Ig and expressed DR antigens (Bergholtz
and Thorsby, 1979b).

Table 8 shows the results using T cells and different numbers of
macrophages and B cells from two different donors. It can be seen that
an optimal PPD response occurred at a T/M¢ ratioof 5: 1or 10 : 1, and
that B-enriched, macrophage-depleted cells, even at a T/B ratioof 1: 1,
were not able to induce a significant PPD response. In other experiments
(Bergholtz and Thorsby, 1980b), we could show that any PPD-specific
response induced in the presence of the B-cell fraction was in all
probability due to contaminating macrophages.

We also investigated whether autologous B cells might provide the
self-HLA-D/DR restriction ‘‘signal’’ when antigen is presented by HLA-
D/DR-incompatible allogeneic M¢. In two experiments, T cells from a
total of six donors were stimulated with PPD in the presence of autolo-
gous M¢ or HLA-D/DR-incompatible allogeneic M¢ either alone or
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mixed with autologous B-enriched cells (these B cells were not as ‘‘pure”’
as used in the aforementioned experiments, containing approximately
10%0 M¢). All experiments yielded consistent results. Table 9 shows
results obtained with two of the donors. An optimal T-cell response was
obtained only with autologous M¢. Addition of an equal number of
autologous B-enriched cells did not affect this response. More important,
the very poor incremental PPD response obtained with HLA-D/DR-
incompatible M¢ was also not improved by the presence of 5 x 103
autologous B-enriched cells.

These studies show that although they certainly express the HLD-
D/DR determinants, B cells have no ability to induce an HLA-D/DR-
restricted, antigen-specific response. Since we have shown previously
that it is mainly PPD bound to the accessory cells that stimulates T cells
(see Section 3.1), the simplest explanation of the inability of B cells to
substitute for macrophages is that B cells lack the capacity to nonspecif-
ically bind or process enough antigen. A selective purification of B cells
bearing specific Ig receptors for PPD might yield a B-cell fraction capable
of binding and presenting PPD to T cells. We have not been able to
perform this kind of experiment. However, trinitrophenyl (TNP)-treated
“pure’” B cells seem to be able to induce an HLA-D/DR-restricted,
hapten-specific response in T cells primed to TNP-modified autologous
non-T cells (see Section 4.4).

The poor T-cell response to PPD in conjunction with HLA-D/DR-
incompatible allogeneic M¢ was not improved by the addition of autolo-
gous (HLA-D/DR-bearing) B cells. This indicates that the activation of
T cells by PPD requires that both PPD and autologous HLA-D/DR
molecules be displayed on the surface of the same cell.

4. Self-HLA-D/DR Restriction of T Cells Sensitized in Vitro
4.1. In Vitro Priming against TNP-Treated Autologous Cells

To investigate whether an HLA-D/DR restriction could be seen after
primary sensitization in vitro, we used the system first described by
Shearer (1974) for murine cells, and later by Newman et al. (1977) for
human cells, demonstrating that T cells can be primed in vitro to
trinitrophenyl (TNP)-conjugated autologous cells.

In preliminary experiments, we found that an optimal secondary
response was observed when T cells were first stimulated with TNP-
treated autologous non-T cells (i.e., B cells and macrophages) for 9-10
days in vitro, and then restimulated with the same TNP-treated autolo-
gous non-T cells for 48-72 hr.

The results of two experiments are given in Table 10 (details in
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TABLE 10. In Vitro Priming against Autologous Cells

Restimulated with?:

Expt. T cells Nontr. TNP

No. primed to%: — non-T non-T Ac
— 197 = 91 985 + 123 1,762 + 358 777
I Nontr. non-T 265 + 44 4956 + 201 5,202 + 435 246
TNP-non-T 240 =76 3077 = 125 14,262 = 935 11,185
—_ 168 = 15 2054 = 749 2,688 + 494 634
1I Nontr. non-T 153 £ 10 2666 + 349 3,387 + 563 721
TNP-non-T 306 = 43 3008 + 294 9,293 + 481 6,285

a

Equal amounts of T cells and X-ray-irradiated (2000 rads) autologous non-T cells
(prepared by rosetting with AET-treated SRBC) were cultured together in tissue culture
tubes and serum-supplemented RPMI 1640 for 9-10 days.

For restimulation, 10° of the primed T cells were restimulated with an equal amount of X-
ray-irradiated non-T cells for 72 hr in the wells of microtiter plates.

TNP-specific response: mean of cpm in primed cultures restimulated with TNP-treated
autologous cells minus restimulation response when confronted with nontreated cells.

o

£y

Thorsby and Nousiainen, 1979). A clear TNP-specific response can be
seen (compare results of TNP-primed cells when restimulated with TNP-
treated cells vs. restimulated with nontreated cells). In ten different
experiments performed, a TNP-specific response was seen in nine, with
a range of incremental responses of 11,420-2255 cpm (mean + S.E. =
5675 = 1268). It can also be seen, particularly in Expt. No. 1, that T
lymphocytes can apparently be primed to non-treated cells (compare
response of primed and nonprimed cells). This effect was, however,
more variable than the secondary TNP-specific response.

4.2. HLA-D/DR Restriction of the TNP-Specific Response

To study this question, cells were prepared from different unrelated
donors sharing HLLA-A,B,C and/or -D/DR antigens with the autologous
priming cells. The results of one of a series of five different experiments
(see Thorsby and Nousiainen, 1979) are depicted in Table 11. It can be
seen from the table that TNP-treated allogeneic cells that are HLA-D/
DR-identical with the autologous priming cells induced a TNP-specific
response of the primed cells that varied from 47 to 101% of the TNP-
specific response seen when restimulated with autologous cells, In
contrast, the HLA-D/DR-different cells gave rise to a restimulation
response of only 12 and 21%, and the incremental TNP-specific response
was not much higher than that of the nonprimed cells. It also appears
that the nonprimed cells gave a much higher response to the allogeneic
HLA-D/DR-different cells than to the identical cells (as expected),
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whereas after autologous priming, this difference was less pronounced
or no longer seen.

The mean relative TNP-specific restimulation responses of all 5
experiments involving different responding cells and a total of 13 HLA-
D/DR-identical and 8 HLA-D/DR-different cells (sharing no HLA-D/DR
antigens with the autologous priming cells) are given at the bottom of
Table 11. The difference between the two groups is highly significant (p
< 0.005) as estimated by Wilcoxon’s rank sum test. Thus, after priming
in vitro with hapten-conjugated autologous cells, the secondary hapten-
specific response is restricted by self-HLA-D/DR. Very similar results
were obtained by Seldin and Rich (1978) and Charmot and Mawas (1979),
by using nonfractionated peripheral-blood mononuclear cells as respond-
ing and stimulating cells.

4.3. Is the TNP-Specific Response Also Restricted by HLA-A,B,C?

The results of the experiment presented in Table 11 indicate that the
effects of sharing of HLA-A,B,C antigens between autologous priming
and allogeneic restimulating cells are less than sharing of HLA-D.
However, due to the high degree of nonrandom associations between
certain HLA-B and -D determinants, it was difficult to select enough
informative allogeneic cells. For this reason, and since most T cells do
not express the HLA-D determinants, T lymphocytes that had been
primed with autologous TNP-treated non-T cells were also restimulated
with a similar number of TNP-treated autologous T cells, in some
experiments together with autologous nontreated macrophages (80,000
T + 20,000 M¢). The results of two of a series of eight experiments are

TABLE 12. Priming against Autologous Non-T Cells and Restimulation with
Autologous Cells?

Restimulated with:

Expt. T cells Non-T T cells

No. primed to — nontr. TNP A Nontr. TNP A AM¢®

— 96 495 591 96 59 35 — —

I Nontr. 157 2,879 2,115 — 392 164 — —

TNP-non-T 111 1,393 3,648 2255 234 278 44 —

— 127 1,505 2,962 1457 250 155 — 186

II Nontr. 598 13,587 11,502 — 516 530 14 591

TNP-non-T 332 4,413 6,765 2352 427 643 216 879

o The experimental conditions were as given in Table 10. Values are mean cpm of triplicate determinations.
b TNP-specific response in the presence of nontreated macrophages.
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given in Table 12. T lymphocytes primed against HLA-A,B,C- and -D-
expressing TNP-treated autologous cells gave only weak responses when
restimulated with nontreated or TNP-treated T cells, and no response or
only a weak TNP-specific response was seen. The TNP-specific response
was slightly increased after addition of nontreated autologous macro-
phages (Ays in Table 12), but in all experiments much less than when
restimulation was performed with TNP-treated non-T cells. Thus, to
obtain a secondary hapten-specific proliferative response, sharing of
HLA-A,B,C between priming and restimulating cells was not sufficient.

We also found that it was possible to prime T cells against nontreated
autologous non-T cells in vitro, and that this autosensitization appeared
to be restricted by self-HLA-D/DR and not -A,B,C (Thorsby and
Nousiainen, 1979). The nature of the autoantigenic complex being rec-
ognized by T cells in this case is not known. Possibly, during in vitro
culture, tissue-culture constituents or cell metabolites may modify the
cell membranes to a certain extent, making them immunogenic.

4.4. Can B Cells Substitute for Macrophages in the Secondary
TNP-Specific Response?

The nature of the TNP-modified autologous cell-membrane compo-
nents that are recognized by the T lymphocytes in vitro is not known.
Since self-HLA-D products of the modified cells apparently are involved
in the activation, one might suggest that TNP directly modifies self-HLA-
D molecules, which are then recognized as foreign. However, Thomas
et al. (1978) could not detect any TNP-modified Ia antigens in similar
experiments in the guinea pig. We have also found that when T lympho-
cytes are primed to either untreated or TNP-treated allogeneic cells,
restimulation with the same allogeneic cells, whether TNP-treated or
not, gives rise to the same early increased response, indicating that many
of the HLA-D-activating determinants have not been altered (Thorsby
and Nousiainen, unpublished).

In Section 3.6, we presented data showing that B cells expressing
self-HLA-D/DR could not replace macrophages in inducing an HLA-D/
DR-restricted antigen-specific response to PPD. We proposed that this,
at least in part, might be due to too few B cells binding PPD. Since TNP
apparently binds to most cell membranes, it might be that with this
hapten, B cells might be able to replace macrophages in secondary
stimulation.

To study this, T cells were primed with TNP-treated autologous
non-T cells (B cells + macrophages) and then restimulated with TNP-
treated non-T cells (B cells + macrophages), TNP-treated B cells
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(prepared as described in Section 3.6), or TNP-treated macrophages.
Table 13 shows the results of two out of six experiments involving
different donors, all giving essentially the same results. Using 50,000
primed T cells, a clear TNP-specific response was always seen using
10,000 or more TNP-treated B cells for restimulation. Also, the same
number of TNP-treated B cells usually caused a stronger restimulation
than the same number of TNP-treated macrophages.

These results indicate that while B-cell-enriched suspensions pre-
pared by similar methods were not able, together with antigen, to induce
a PPD-specific response of sensitized T cells, these cell suspensions,
when treated with TNP, would often induce a strong HLA-D/DR restrict-
ed TNP-specific response of TNP-sensitized T cells. Our B-cell suspen-
sions contained less than 1% latex-ingesting cells, and this possible
contamination of macrophages (500-1000 cells) was not able to induce
a secondary TNP-specific response alone. These results are in contrast
to the results reported by Thomas et al. (1978), who used a similar
approach with T cells from guinea pigs sensitized in vivo with picryl
chloride and restimulated with TNP-treated Ia-rich EN-L,C B-cell-like
leukemic cells. They found that these TNP-treated leukemic cells, in
contrast to similarly treated macrophages, were unable to induce a TNP-
specific response. The authors state that different results might have
been obtained using normal (instead of malignant) B cells.

5. Comments

Taken together, these studies demonstrate that antigen-sensitized
human T cells will respond by proliferation in vitro only when confronted
with antigen together with HLA-D/DR determinants present in the initial
sensitizing environment in vivo or in vitro, i.e., they are restricted by
self-HLA-D/DR molecules. Macrophages which express self-HLA-D/DR
appear to be the most important antigen-presenting cells, although under
particular circumstances other self-HLA-D/DR-expressing cells may also
possibly substitute for macrophages. Different nonoverlapping T-cell
clones apparently exist with specificity for the same antigen but are
restricted by different HLA-D/DR determinants. Thus, in HLA-D/DR
heterozygous donors, at least two different populations of T cells with
specificity for the same antigen seem to exist.

By analogy with the data on MHC restriction of T cells from studies
of rodents, the human T cells which are HLA-D/DR restricted include,
in all probability, the T helper cells. Thus, one may assume that T-
helper-cell activation by antigen requires that antigen be displayed on
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macrophages expressing the D/DR molecules of the T-helper-cell donor,
and that T-cell help in antibody production requires that the T helper
cells can recognize antigens bound by the B-cell Ig receptor, together
with the same D/DR molecules in the B-cell membrane. Similar restric-
tions, but to the HLA-A,B,C molecules, have been found for cytotoxic
T cells from individuals sensitized to minor histocompatibility antigens
(Goulmy et al., 1977), influenza virus (McMichael et al., 1977), and
dinitrofluorobenzene (Dickmeiss et al., 1977). Most probably, again by
analogy with data from studies in rodents, the self-HLA restriction is not
imposed on the T cells when activated by antigen, but by confrontation
with self-HLA molecules during fetal thymic development (Zinkernagel
et al., 1978a,b).

The studies in man, in addition to confirming that human T cells are
also restricted by self-MHC products, also add one important piece of
information that most studies of mainly inbred animals have not provided.
All the studies reported here, and most of the studies reported by other
groups working with human systems, have used cells from completely
unrelated donors. They have been selected to share or not share HLA-
A,B,C or D/DR molecules on the basis of the reactivity of their cells
with cellular or serological reagents. Thus, in the human studies, the
restricting elements appear to be the HLA-A,B,C or D/DR molecules as
such, and not products of closely linked genes. If products of closely
linked genes were to be involved, they would have to be nonrandomly
associated to the A,B,C or D/DR genes of a degree even stronger than
that known for the A,B,C,D genes themselves. Furthermore, following
the results of the antibody-inhibition studies, one also had to postulate
close association in the macrophage cell membrane. Of course, our
studies cannot add evidence in favor of either the one or the other of the
two prevailing theories on how HLA restriction functions at the T-cell
level.

6. Implications

There are several clinical implications of the concept that T cells are
self-HLA-restricted in their ability to be activated by antigen. For
adoptive immunotherapy with immunocompetent T cells to be effective,
it would be a requirement that the recipient and the donor at least share
some of the HLA-A,B,C and D/DR determinants.

It is also possible that the same is true for the use of putative
antigen-specific products of T cells. The little success with which the
clinical trials with ‘‘transfer factor’’ have thus far been met has created
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severe doubt as to whether an antigen-specific ‘‘transfer factor’ exists
at all. Perhaps some of the experiments should be repeated preparing the
factor from donors HLA-compatible with the rtcipients.

As pointed out by Zinkernagel et al. (1978a), the MHC restriction of
T cells has great relevance for attempts at restoring T-cell immune
competence with thymic transplants. The data suggest that for this to be
successful, the thymic donors should be as HLA-A,B,C- and D/DR-
compatible with their recipients as possible. This is to ensure that the
thymus-induced HLA restriction of T cells is matched by the HLA
profile of the interacting lymphoid and antigen-presenting cells. It should
be kept in mind, however, that HLA restriction of human T cells does
not seem to be an all-or-none phenomenon. Some allogeneic foreign
HLA molecules may show a sufficient degree of cross-reactivity to be
able to substitute for self-HLA.

One could also wonder whether confrontation with minor histocom-
patibility antigens on cells that are allogeneic, but HLA-identical with
the recipient, might result in a stronger immune response toward the
minor histocompatibility antigens than when they are presented on HLA-
disparate cells. The reason is that the HLA-identical cells, expressing
the minor histocompatibility antigens, also provide the HLA-restricting
elements. Some preliminary data from experiments in the mouse involv-
ing minor histocompatibility antigens add some evidence in favor of this
being so (P. Matzinger, personal communication). If confirmed, this
would indicate that blood transfusions from HLA-matched donors should
probably, if possible, be avoided before the use of transplants from HLA -
identical (or haploidentical) donors. This might be particularly important
in bone marrow transplantation.

After it was found that certain HLA antigens occurred with a much
increased frequency among patients with particular diseases [e.g., HLA-
B27 and ankylosing spondylitis, HLA-D/DRw3 in several different au-
toimmune diseases and others (see Dausset and Svejgaard, 1977)], HLA
typing has become an important diagnostic tool. Several hypotheses have
been presented to explain HLA and disease associations, the one receiv-
ing the greatest support being nonrandom associations between Ir genes
and certain HL A antigens. However, for some associations (e.g., HLA-
B27 and ankylosing spondylitis, Dw3/DRw3 and coeliac disease), this
explanation would require that the same nonrandom association exist in
different populations and races to a degree previously unknown for the
HLA system. The recent data that indicate that the MHC products that
restrict the T-cell immune responses (i.e., Ia and D/K in mice) may be
identical to the Ir-gene products (see Section 1) provide a more direct
explanation. Thus, the HLA molecules themselves may be directly
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involved, by differing in their ability to display antigenic determinants in
an immunogenic way for T cells. There is already some indirect evidence
of this. McMichael (1978) found that sharing of HLA-A and/or -B
antigens between influenza-virus-infected target cells and the donor of
the cytotoxic T cells was necessary to obtain cytolysis. However, not all
HLA-A and -B antigens were equally effective in this respect; for
example, HLA-A2 was not very effective.

Following this, many of the HLA and disease associations may be
explained by the self-HLA molecules themselves influencing the immu-
nological repertoire of the T cells, thus determining resistance to partic-
ular infectious agents, and so on (see also Zinkernagel and Doherty,
1977). In man, further proof of this can be obtained only when antigens
involved in or present on the agents causing some of these diseases can
be purified and used in appropriate in vitro tests. Needless to say, HLA
is of course not the only factor determining disease susceptibility.

This concept would also provide a simple explanation for the
extreme degree of polymorphism that exists for MHC antigens. As has
also been outlined by others elsewhere (see Zinkernagel and Doherty,
1977), heterozygosity at HLA and a high degree of polymorphism will be
an advantage for the species. The more allotypic variants to choose
from, the higher the chance that some members will have the appropriate
display of A,B,C,D molecules to mount an efficient immune response
against a given infectious agent. Depending on the environment, different
selection pressures would exist in different populations. What is lacking
is a clear demonstration of HLA associations to an infectious disease
that particularly affects young individuals before or during puberty.
However, the polymorphism we observe today is of course more a
reflection of strong selection pressures in the past.

Perhaps one of the most puzzling facts about the MHC is the high
number of T cells with the ability to recognize MHC antigens that also
exist in nonsensitized individuals. As many as 2-4% or more of the T
cells of a given individual will initially respond when confronted with the
MHC products of another member of the same species (Simonsen, 1967;
Wilson et al., 1968). At the same time, there seems to be no need for
joint recognition of self-MHC products for activation against allo-MHC
products to occur.

The MHC restriction of T-cell responses again provides a possible
explanation for the high number of histocompatibility-antigen-reactive
cells (HARC). Following the altered-self hypothesis, one could postulate
that self-MHC molecules modified by given antigens might bear certain
similarities to particular allogeneic MHC variants. Alternatively, follow-
ing the dual-recognition hypothesis, either the one receptor of low avidity
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for self-MHC products may fortuitously have high avidity for products
of the MHC of another member of the species (Janeway et al., 1976), or
allogeneic MHC products might combine with both receptors, a ‘‘core’’
part through cross-reactivity with the one T-cell receptor for self-MHC,
and the allotypic part with the second receptor for non-MHC antigens
(see also Matzinger and Bevan, 1977).

Recent studies have provided some experimental evidence in support
of this hypothesis. It was first shown that cytotoxic murine T cells
induced against allogenecic MHC may also lyse chemically modified
syngeneic cells (Lemonnier et al., 1977; Billings et al., 1977) and that
cytotoxic T cells induced against foreign ‘‘minor’’ non-H-2 antigens
(together with self-H-2) are also able to lyse allogeneic targets differing
solely at H-2 (Bevan, 1977). More important, Finberg et al. (1978) were
recently able to demonstrate that apparently the same effector cells that
after sensitization to virus-infected autologous cells were able to lyse
these cells were also able to lyse certain noninfected allogeneic target
cells. Thus, the great number of HARC and the strength of allogeneic
products of MHC as transplantation antigens may be considered a by-
product of the restricted ability of T cells to combine with antigen-
modified self-MHC products or antigen in complex with self-MHC
products.

7. Conclusion

The studies reported herein and those of others have demonstrated
that T-cell immune responses are restricted by cell-membrane products
of the HLA complex. Thus, self-HLA cell-membrane molecules appear
to be directly involved in activating a T-lymphocyte immune response to
most foreign antigens. Their involvement in antigen activation of T cells
may also lead to an influence on the immunogenicity of foreign antigens.
Thus, the self-HLA cell-membrane products may have an immune-
response-regulating ability.

It follows that the biological function of HLA may be to participate
in signaling changes in cell-membrane self, and the strong antigenicity of
HLA antigens in allogeneic combinations may be a reflection of this
function of self-HLA in T-cell activation to foreign antigens.

The study of HLA antigens and their role in cell interactions, which
was initiated due to the need for better histocompatibility matching in
clinical transplantation, has become of major importance for general and
clinical immunology.
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How Strict Is the MHC Restriction of
T Cells?

Rolf M. Zinkernagel

1. Introduction

Thymus-derived lymphocytes (T cells) are generally specific for a self
determinant (self-H) expressed on the target-cell surface and coded by
the major histocompatibility gene complex (MHC) (reviewed in Paul and
Benacerraf, 1977; Katz, 1977; Zinkernagel and Doherty, 1979). T cells
that mediate nonlytic functions, such as T helper cells, proliferating T
cells, and T cells involved in delayed-type hypersensitivity against
contact allergens or intracellular bacteria, are specific for H-2I determi-
nants, whereas lytic T cells are specific for H-2K or D structures.
Specificities both for self-H and for any foreign antigen (X) are clonally
expressed and highly specific. It is still unclear whether this dual
specificity reflects T-cell expression of a single receptor for a neoantigenic
determinant combining self-H complexed with X or T-cell expression of
two independent receptor sites for self-H and for X.

How T cells acquire specificity for self-H during ontogeny has been
the focus of several experiments with chimeras formed either by lethally
irradiating mice and then reconstituting them with lymphohemopoietic
stem (bone marrow) cells from various sources (reviewed in Bevan and
Fink, 1978; Zinkernagel, 1978) or by using mice that lack thymuses and
T cells and reconstituting them with grafted thymuses. These experiments
have revealed the following: (1) Precursor T cells select the receptor
specificity for self-H independent of antigens in the thymus; radioresistant
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thymic cells seem to be responsible for this selection (Zinkernagel et al.,
1978a; Fink and Bevan, 1978; Miller et al., 1979; Waldmann et al., 1979).
(2) Apparently, thymic selection of the restriction specificity alone is not
sufficient for T cells to mature to immunocompetence. For example, H-
2% mice lacking a thymus on being reconstituted with transplanted F, (H-
2k x H-2% thymuses do not express H-2¢ restriction specificity (Zink-
ernagel, 1978). However, if the thymus graft is eliminated and lymphoh-
emopoietic cells of H-2¢ type are transfused, such animals may eventually
express H-2%restricted T cells. Therefore, T-cell maturation seems to
occur in at least two steps: thymic and posthymic. Whether the second
step involves some I-region-dependent amplification of T cells that are
relatively rare and ‘‘committed’’ or whether this step influences and/or
promotes diversification of the T-cell repertoire for X is unknown. (3)
Thymic selection of the restriction specificity simultaneously includes
selection of the immune-response (Ir) phenotype expressed by T cells
(von Boehmer et al., 1978; Zinkernagel et al., 1978b; Kappler and
Marrack, 1978; Mullbacher and Blanden, 1979). Thus, selection of a
restriction specificity for a strain’s K, D, or I-A allele that regulates the
responsiveness of that strain’s cytotoxic or nonlytic T cells, respectively,
automatically fixes the strain’s responder phenotype. Apparently, then,
Ir-gene products and K, D, or I-A products involved in T-cell restriction
are identical. Therefore, Ir phenomena may simply be a direct conse-
quence of T cells’ being restricted. That is, Ir phenomena arise because
a T cell’s function is determined by that cell’s restriction specificity and
because the selection of a particular receptor for self-H that mediates the
T cell’s effector function (lysis via K, D, or further differentiation via I-
A) influences the receptor repertoire available to recognize X (Langman,
1978; Cohn and Epstein, 1978; von Boehmer e# al., 1978; Zinkernagel,
1978).

Thus, MHC restriction reflects T cells’ performance of a particular
effector function according to what kind of self-H they recognize along
with X. For example, T cells kill in response to K and D, which are
receptors for lytic signals; alternatively, they trigger-cell differentiation
in response to I determinants, which are receptors for cell differentiation
signals. In vivo, MHC-restricted cytotoxic T cells are crucially involved
in early antiviral recovery, whereas nonlytic T cells act antivirally or
antibacterially via I-mediated macrophage activation (reviewed in Zink-
ernagel, 1978). MHC products define the effector function and also
influence the receptor repertoire that can be expressed by T cells.

All immunological specificity is relative, and there is no doubt that
the same is true for T-cell specificity for self-major transplantation
antigens. Nevertheless, T-cell restriction specificity seems rather exquis-
ite. This restriction seems to fit two possible models for T-cell receptors:
(1) T cells express a single receptor site for a neoantigenic determinant
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resulting when self-H forms a complex with X on the cell surface or (2)
T cells express two receptor sites, one for self-H, the other for X
(reviewed in Zinkernagel and Doherty, 1979). These models make quite
distinct predictions in terms of T-cell receptor repertoires. The single-
receptor model predicts no a priori restriction of the repertoire; the two-
receptor-site model does. If the specificity for self-H is great, detection
of great differences in precursor frequencies among T cells specific for
self-H vs. non-self-H should be easy. If specificity is weak, then it may
be difficult to differentiate a two-receptor model from a single-receptor
model. It has been reported recently that specificities of restriction
expressed by T cells may in fact be much less stringent than thought so
far (Bennink and Doherty, 1978; Doherty and Bennink, 1979; Matzinger
and Mirkwood, 1978).

The purpose of this chapter is to quantitate restriction specificity as
expressed by virus-specific cytotoxic T cells, regardless whether such
specificity is mediated by suppression. We conclude that the T cells have
a high degree of specificity for self-H.

2. Materials and Methods

2.1. Mice

C3H (H-2%), C57BL (H-2%), B10.D2 (H-2¢), BALB/c (H-29),
C3H.OH (H-2°2Y), A.TL (H-2"), B10.BR (H-2¥), CBA (H-2*¥), B10.A
(5R) (H-2?), F, hybrids, and genetically thymus-deficient nude mice were
obtained either from the Strong Foundation, San Diego, California; from
the Jackson Laboratory, Bar Harbor, Maine; or from the breeding colony
at Scripps Clinic.

2.2. Virus and Immunization

Vaccinia virus WR was a gift from Dr. W. Joklik, Duke University,
Durham, North Carolina, and was grown in L cells as described else-
where (Zinkernagel et al., 1978). Lymphocytic choriomeningitis virus
(LCMV) came from Dr. M.B.A. Oldstone, Scripps Clinic. LCMV was
titrated on BHK 21/13S cells in agarose suspension as described by
Pulkkinen and Pfau (1970).

2.3. Chimeras

Chimeras were produced by using the general protocol of Sprent ez
al. (1975). The mice were irradiated with a supralethal dose of 900-950
rads from a cesium source and on the same day were reconstituted with
1.5-2.5 x 107 anti-O plus complement (C)-treated bone marrow cells or
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fetal (14-16 day) liver cells injected intravenously (i.v.). Chimeras were
analyzed individually 10-80 weeks later.

To form thymus chimeras, thymuses were taken from 15- to 17-day-
old fetal mice and transplanted under the kidney capsules of 6- to 8-
week-old nude mice (Kindred, 1979; Miller and Osoba, 1967). The only
successful method for producing nude F; mice with functional grafts
from both parents was to transplant 15- to 17-day-old fetal thymus lobes
from donors of one parental strain under the recipient’s left kidney
capsule and from the other parental strain under the recipient’s right
kidney capsule on the same day (Zinkernagel et al., 1979). In all cases,
the functional test and the restriction specificity of mature T cells
correlated with the engrafted and histologically normal thymus.

2.4. Cell Preparations and H-2 Typing

All cells were prepared and used in minimal essential medium
(MEM) supplemented with nonessential amino acids, pyruvate, bicar-
bonate, antibiotics, and 10% heat-inactivated fetal calf serum. All these
ingredients were from Flow Laboratories, Inc. (Inglewood, California).
Spleen cells from the virus-infected mice were processed and typed for
H-2 as described previously (Zinkernagel et al., 1978a,b, 1979). In each
typing assay, positive and negative control cells were included to confirm
the specificity of the antisera treatment and the activity of C.

2.5. Cytotoxicity Assay

The assay and target cells used have been described (Zinkernagel et
al., 1978a,b, 1979). 1L929 (H-2K) cells originate from C3H mice, MC57G
(H-2?) cells come from C57BL/6 mice, and D2 (H-2¢) are a methylchol-
anthrene-induced line of B10.D2 origin. The D2 line spontaneously
released the most 3'Cr (20-30% for 6 hr, 30—-45% for 16 hr), whereas
MC57G released 8-12% during a 6-hr test and 12-25% over 16 hr, and
1.929 released 15-25% and 20-40%, respectively. The percentage of *'Cr
release was calculated as the percentage of water release (100%) and
was corrected for medium release. Water usually released about 80-85%
of the *'Cr.

2.6. Antiviral Protection Assay in Vivo

Well-established techniques were used (Mims and Blanden, 1972;
Blanden et al., 1975; Zinkernagel and Welsh, 1976). Donor mice were
injected i.v. with 5 x 102 plaque-forming units (PFU) of LCMV, and
their immune spleen cells were harvested 7-8 days later. Single spleen
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cell suspensions were made as described in Section 2.4. Recipient mice
were injected i.v. with about 3 x 10° PFU 15-24 hr before transfer of
usually 1 x 10® immune spleen cells. Recipients were sacrificed 24-30 hr
later. Control spleens were from infected recipient mice that had received
no cells or only normal cells. Individual spleens were homogenized with
Teflon-coated pestles in glass grinder tubes in 2 ml MEM.

2.7. Statistical Methods

Means and S.E.M. of triplicates were determined and compared by
Student’s ¢ test. The S.E.M. was usually less than 3%, and always less
than 5%.

3. Results

3.1. Quantitation of the Restriction Specificity Expressed in Vivo
and in Vitro by Virus-Specific Cytotoxic T Cells from
Unmanipulated Mice

The comparison of the cytotoxic activity of C3H (H-2%) vaccinia-
immune spleen cells on infected H-2% vs. infected H-2° targets revealed
that histocompatible targets are lysed at least 30-100 times more effi-
ciently than incompatible targets. Vice versa, H-2? immune T cells lysed
infected H-2° targets at least 30-100 times better than infected H-2*
targets. Similar differences exist for other haplotype combinations as
shown in Fig. 1. The limitations of this titration are technical; for
geometrical reasons, Kkiller target-cell ratios greater than 40 cannot be
used, and the assay time cannot be extended beyond 16 hr because of
increase in spontaneous >!Cr release and other factors. Therefore, the
foregoing estimates must be minimal rather than exaggerated.

These limitations in quantitations of the cytotoxic activities in vitro
were much less pronounced when the antiviral activity of K- or D-
restricted T cells was measured in vivo. In this experiment, 5 x 107
immune spleen cells from mice infected for 7 days with LCMV were
transferred to normal recipient mice that had been challenged with about
103 PFU of LCMYV some 12-18 hr prior to cell transfer. At 24 hr after
cell transfer, the number of PFU was assessed in recipients of immune
and normal cells. Usually, spleens of recipients of immune cells contained
2-5 logy, less PFU than controls. When the protective potential of H-2-
or H-21-incompatible LCMV-immune spleen cells was compared with
the efficiency of D-compatible immune spleen cells, the difference was
about 4 log,, (Fig. 2). Thus, in this test system, which measured virtually
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Figure 1. Cytotoxic activity of vaccinia-virus-immune spleen cells tested on infected (A)
or uninfected (A) target cells of various H-2 haplotypes for 6 hr. (---) Spontaneous 'Cr
release. The values are not corrected for spontaneous 'Cr release.

exclusively T-cell activities, the specificity of restriction between H-2*%-
and H-2%restricted T cells was a factor of at least 10,000.

3.2. Comparison of the Restriction Specificities Expressed by
Virus-Specific Cytotoxic T Cells from Chimeric Mice

Chimeras were used to study differentiation of T cells and of their
restriction specificities, because as summarized in Section 1, the restric-
tion specificity is generally selected by the MHC of the chimeric host or
thymus, rather than by the genotype of the T cell itself.
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Figure 2. Adoptive transfer of anti-LCMV protection. Antiviral protection conferred by
adoptive transfers of 1 x 10® LCMV-immune spleen cells in normal recipient mice that had
been challenged with about 2 x 10° PFU of LCMV 14 hr prior to cell transfer. Recipients
were sacrificed 30 hr after cell transfer. Protection is measured as the difference in PFU
formed per spleen in control mice that had received normal cells or no cells and recipients
of immune spleen cells. From Zinkernagel and Welsh (1976).

3.2.1. Irradiation Chimeras

Chimeras of the general type (A X B) — (A X C) were formed by
reconstituting lethally irradiated (950 rads) (BALB/c x C3H)F,; mice with
T-cell-depleted (C3H x CS57BL)F, bone marrow cells. The chimeras
were infected with vaccinia virus 15 months after reconstitution (Table
1). The chimeric lymphocytes lysed only infected H-2* target cells that
were histocompatible with both chimeric recipient and donor. Neither
infected H-22 nor H-2? targets were lysed to any substantial level. Thus,
the restriction specificity expressed by such chimeric T cells seems to be
comparable to that expressed by T cells from nonchimeric mice.

3.2.2. Thymic Reconstitution of Nude Mice

(C57BL x BALB/c)F, hybrid mice carrying the nude mutant gene
were negative when tested for T-cell immunocompetence. However,
when transplanted with thymuses from one or the other parent, these F,
nude mice subsequently formed T cells with restriction specificities
corresponding to the thymus graft. Therefore, a (C57BL. x BALB/C)F,
nude mouse reconstituted with a CS7BL (H-2% thymus graft generated
vaccinia-virus-specific cytotoxic T cells active against infected H-2? but
not H-2 targets. The extent of restriction demonstrated by these chimeric
T cells was again comparable to that expressed by T cells from nonchi-
meric mice (Fig. 3). F; nude mice transplanted with thymus grafts from
fetal donors of both parental H-2 types formed T cells that were restricted
to one or the other parental H-2 type. This result is interesting because
theoretically F, nude mice reconstituted with thymus grafts of both
parental types should show complete suppression of any immunocom-
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TABLE 1. Restriction Specificities of T Cells from Irradiation
Bone Marrow Chimeras

H-24L929) H-24D2) H-2%(MC57G)
Bone marrow
donor Irradiated recipient Vacc. Nor. Vacc. Nor. Vacc. Nor.
(C3H x CS7TBL)F, - (BALB/c x C3H)F,® 61 0 5 2 5 3
(k x b) - d x k) 37 1 0 0 0 1
14 1 0 0 0 0
Controls
CSTBL (b) 2 2 N.T. N.T. 57 2
0 0 — — 30 1
0 0 — — 11 0
CBA (k) 49 1 6 1 0
32 0 3 6 3
12 0 S 3 3
B10.D2 (d) 1 1 0 0
0 0 19 0 0
0 0 4 0 0

@ Chimera was infected 15 months after reconstitution.

petence (or suppression of one restriction specificity by the ‘‘dominant”’
second one) if thymus-dependent suppression directed against the second
host haplotype is responsible for the thymic influence on restriction
specificities. Thus, suppression of one thymic maturational pathway does
not seem to suppress the other and therefore cannot readily explain the
results obtained with one parental thymus graft in F, nude mice.

3.2.3. H-2D-Compatible, H-2K,I-Incompatible Chimeras

Chimeras that are made with stem cells after lethal irradiation and
are histoincompatible for all of H-2 or for H-2I are only marginally
immunocompetent when tested for their capacity to respond to virus. If
selected restriction specificities overlap to a certain degree between
various haplotypes, such chimeras should express at least some immu-
nocompetence. The question is not whether there are any restricted T
cells, but rather how the frequency of precursors generated in such
incompatible chimeras compares with that found in H-2-compatible
chimeras or in nonchimeric control mice.

Since we have no in vitro assay for determining absolute or relative
precursor frequencies, we tested the delayed-type hypersensitivity re-
sponse to LCMYV in histocompatible chimeras and compared the capacity
of these chimeras to eliminate the virus with the capacity of the control
groups.

As shown in Table 2, F, — parental type chimeras and nonchimeric
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Figure 3. (C57BL x BALB/c)F, nu/nu mice reconstituted with fetal thymus grafts. (C57BL
x BALB/c)F, nude mice reconstituted with one parental or simultaneously with both
parental thymus grafts were tested for their capacity to generate virus-specific cytotoxic T
cells. F, nude mice with a BALB/c thymus graft lysed infected H-2¢, those with a C57BL
graft lysed infected H-2%, and those with both parental grafts lysed both infected H-2¢ and
infected H-2° targets. Virus-immune spleen cells from control mice were tested on both
target cells [right most panel; BALB/c on infected H-2¢ ((]) and on infected H-2° (B);
C57BL on infected H-2 () and on infected H-2¢ (A)]. Modified from Zinkernagel et al.
(1979).

mice swell sizably at the site of the virus injection by day 9 and by day
15 have cleared all virus. In contrast, chimeras (SR — D2) given stem
cells from a donor that is histocompatible for the D region but not for
the K or I-A regions do not make a significant delayed-type hypersensi-
tivity response and do not eliminate virus. Thus, if T-cell restriction
specificities do overlap, the frequency is undetectable and of no practical
consequence for the capacity of H-2-incompatible chimeras to deal with
intracellular parasites.

4. Discussion

Discussing how specific T-cell restriction functions has the practical
possibility of providing a sensible rationale for reconstituting immuno-
deficient patients and the theoretical potential of offering some insight
into the nature of T-cell recognition, at least until we have direct
biochemical evidence of it. The fact that T cells from unmanipulated
mice are restricted with a great degree of specificity is undisputed,
particularly for virus-specific T cells (see Figs. 1 and 2). However, the
degree of restriction specificity expressed by T cells from chimeras is
debatable. Some researchers believe that the specificity of restriction in
chimeras is comparable to that of nonchimeric mice (Zinkernagel, 1978;
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TABLE 2. Delayed-Type Hypersensitivity to Virus and Elimination of
Virus in Chimeras?

Irradiated  Specific footpad Log,, PFU of LCMV
Stem-cell donor recipient swelling (%) per 10 ul blood
1
5R — D2 0 27
(K?I%/2D4) (K44D4)
(C3H x BALB/c) — (C3H)!
S5 <

k x d) (9] > !

Control 5R 100 <1

¢ Chimeras were tested 4 months after reconstitution. 10° PFU in 30 ul LCMV were injected into
the left, control medium into the right footpads. Footpad swelling was assessed at day 9, viremia
on day 15.

Bevan and Fink, 1978); others find that specificity is comparatively less
strict (Blanden and Andrew, 1979; Matzinger and Mirkwood, 1978), but
still “‘preferential’” for one vs. the other haplotype. Still other investi-
gators cannot document restriction specificity in chimeras (D.H. Katz,
personal communication). As is usually the case, there are several
technical details in the experiments that may explain the differences. The
contamination of stem cells with immunocompetent T cells and the
survival of T cells in so-called ‘‘lethally irradiated’’ mice are possibly the
most important variables. Since serological typing of cells is usually not
sensitive enough to detect this contamination, these variables cannot be
stabilized for the time being. Therefore, we tend to take the experiments
with chimeras that demonstrate most extensive restriction as the most
meaningful; however, this somewhat arbitrary selection may be wrong
if suppression should be responsible for the host influence on selection
of restriction specificities.

The findings that incompatible or D-compatible chimeras do not
generate measurable primary antiviral T-cell responses and do not
eliminate virus efficiently strongly suggest that the immunocompetence
of such chimeras is very low compared to histocompatible chimeras or
nonchimeric mice. Therefore, the overlap of restriction specificities is
not great enough so the cellular immune system can differentiate suffi-
ciently to deal with virus infection. Still, any of the chimeras could
conceivably have T cells with a restriction specificity that cross-reacts
with H-2 antigens expressed by the thymus and by lymphohemopoietic
cells. A procedure that selectively restimulates such rare T-cell precur-
sors (or possibly contaminating immunocompetent cells that have not
undergone differentiation in the chimeras) to sizable (measurable) num-
bers may give a different picture. Whether these explanations for the
results of negative selection experiments or from repeated restimulation
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of chimeric lymphocytes are correct is speculative (Bennink and Doherty,
1978; Doherty and Bennink, 1979; Matzinger and Mirkwood, 1978).

If we accept a relatively high degree of restriction specificity, as the
experiments summarized here document, how can it be explained? We
favor the two-receptor site model for T-cell recognition as an explanation;
nevertheless, until the receptor sites are characterized biochemically,
single-receptor models will not be excluded unequivocally. Alternative
explanations, such as suppression, may explain the findings with chi-
meras. For example, in (A X B) — A chimeras, perhaps restriction
specificities that recognize self-B are suppressed. Despite intensive
search, evidence for such suppression is still lacking (Bevan and Fink,
1978; Zinkernagel and Althage, 1979). Since acquisition of restriction
specificities by T cells in allophenic mice (zygote aggregation chimeras)
seems comparable to that in irradiation bone marrow chimeras, the
implication is that either suppression is not responsible for the selection
of restriction specificities or, alternatively, suppression is responsible for
the very existence of restriction even in unmanipulated mice.
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The Role of Histocompatibilty Antigens
in Clinical Transplantation

Kent C. Cochrum and Deanne M. Hanes

1. Introduction

Controversy surrounding the influence of HLA-A and -B matching in
clinical kidney transplantation has not abated since its inception. Clearly,
the excellent graft survival of HLA -identical siblings seemed to underline
the efficacy of histocompatibility testing. However, HLA-A and -B
matching in unrelated donor-recipient pairs, particularly in heteroge-
neous populations, has not been as successful as anticipated. HLA-D
matching, as evidenced by mixed-lymphocyte culture (MLC), has proven
to be an excellent indication of graft survival especially in living—related
situations. Recent developments, i.e., DRw typing and the beneficial
effects of blood transfusions, appear to offer evidence of even better
graft survival. In this chapter, we will relate our experience with
donor-recipient matching in renal transplants and attempt to place our
results in some perspective with evidence from other centers.

2. HLA-A and -B Matching

Large European kidney-exchange programs such as Eurotransplant,
Scandiatransplant, and France Transplant were organized specifically to
offer the best HLA-A and -B-matched kidneys to their existing patient
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populations. The arguments concerning the efficacy of HLA-A and -B
matching and graft survival continue, although the consensus, in both
Europe and the United States, appears to be in favor of HLA matching
for improving graft survival (Festenstein et al., 1976; Persijn et al., 1978).
The agreement is not enthusiastic, for even at best, HLA matching
improves graft survival only 10-20% when the best- and the worst-
matched grafts are compared (van Rood et al., 1979). Our results
(Vincenti et al., 1978) with 510 unrelated pairs showed virtually no
advantage in matching for serological determinants alone in cadaver
transplants (Fig. 1). However, since the number of three- and four-
antigen matches is so low in our population (number of four-antigen
matches = 2), it is difficult to compare our data with data from other
centers where three- and four-antigen matches are more frequent.

The differences apparent in European and American data probably
stem from the racial characteristics of the two populations. Since, in
relatively homogeneous populations, linkage dysequilibrium exists be-
tween the HLA-A and -B loci and the HLA-D locus (van Hooff et al.,
1974), it is probable that serological matching also matches for HLA-D
locus. Thus, the improvement in graft survival with closely matched
pairs evident from the European statistics probably reflects this beneficial
linkage dysequilibrium. Transplant centers in the United States select
from a relatively small, hetergeneous recipient pool; consequently, close
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Figure 1. Effect of HLA-A and -B matching on cadaver-graft survival.
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matches are infrequent and linkage dysequilibrium tends to disappear.
Because of these factors, the benefits of HLA matching have been less
discernible in the United States.

At present, it has not been shown conclusively that products of the
HLA-D locus can be determined serologically, and since MLC testing
cannot be used for cadaver transplants, HLA-A and -B matching sup-
ported by careful crossmatching remains the best method for improving
graft survival in unrelated pairs.

Interestingly, the lack of relative population homogeneity and linkage
dysequilibrium was instrumental in the recognition of two important
factors in allograft survival: HLA-D compatibility and pretransplant
blood transfusions.

3. HLA-D Matching

Our initial report in 1973 (Cochrum et al., 1973) suggested that
minimal HLA-D disparity, as measured by MLC testing, was crucial in
living-related kidney transplantation. For almost nine years, we have
been preselecting our intrafamilial transplant pairs using the ML.C. The
results obtained support our initial findings that renal-allograft survival
is inversely correlated with the magnitude of the MLC response between
recipient and donor. Figure 2 demonstrates this inverse correlation in
175 related pairs. All HLA-A and -B-identical siblings (N = 59) were
also HLA-D-identical, with MLC stimulation indices [SIs of 2 or less
(SIs = (R + D/RR + DD)/2, where R is recipient lymphocytes, D is
donor lymphocytes, RR is recipient lymphocytes control culture, and
DD is donor lymphocyte control)]. Graft survival in this group is
excellent. One-haplotype pairs with MLC SIs between 2 and 8 also had
excellent graft survival (919%) and had graft survivals not significantly
different from the HLA-identical pairs. But the one-haplotype pairs with
significant HLA-D disparity (MLC SI > 8) had only 52% graft survival
at 1 year, which is significantly lower than the pairs with minimal or
moderate HLA-D disparity. Comparison of the two groups with high and
low MLC SIs illustrates the advantage of MLL.C testing in living—related
transplantation.

Our results emphasize the observation that graft survival is highest
among HLA-A-, -B-, -C-, and -D-locus identical siblings. In these
siblings, the MLC is important in confirming D-locus identity and
excluding a possible HLA-B/D recombination. Although we have not
transplanted a ‘‘two-haplotype’’-identical (HLA-A, -B, -C) sibling pair
with high MLC reactivity (HLA-B/D recombination), poor graft survival
has been reported in this situation (Garovoy et al., 1978). Instead, we
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Figure 2. Correlation between MLC reactivity (HLA-D disparity) and living-related
allograft survival. Stimulation Index (S.I.) = (R + D/ RR + DD)/2. The numbers on the
curves indicate the number of patients studied for each time interval (see text for
explanation).

have chosen to select one-haplotype donors with minimal HLA-D dis-
parity and have had excellent graft survival with these pairs.

In one-haplotype-matched pairs, our data clearly show that MLC
reactivity affects transplant outcome. Other investigators have confirmed
our results and have shown that the MLC assay is extremely beneficial
in choosing the one-haplotype donor with the best prognosis for a
successful graft (Ringden and Berg, 1977; Cerilli et al., 1978). In our
study on the correlation of MLC reactivity and graft survival, the results
reveal that the survival of one-haplotype-matched transplants is related
not only to the degree of HLA-D disparity, but also to the magnitude of
the response existing between donor and recipient in the MLC assay.
Since the one-haplotype-matched transplant recipient shares only one
HILA-D-locus antigen with the donor, the recipient’s response to the D-
locus difference becomes an important factor in graft survival. Thus, the
number of D-locus antigens shared between recipient and donor may not
by itself be adequate in predicting graft status.

We have found that complete family studies involving HLA-A and
-B serotyping and MLC testing eliminates several problems routinely
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encountered in selecting donor-recipient pairs: the assignment of hap-
lotypes in individuals with unidentified HLA-A, -B, and C antigens; the
assignment of haplotypes in families who share or have homozygous
HLA antigens; and the assignment of haplotypes in individuals with
crossovers among the various HLA loci. Problems with donor selection
can arise even if four HLA-A and -B antigens are identified in
donor-recipient pairs.

In a large retrospective study (Cochrum et al., 1975), we confirmed
the relevance of HLA-D matching in cadaveric transplants (N = 219).
Figure 3 shows the graft survival in high- and low-MLC pairs. Clearly,
the findings in unrelated transplants are as striking as in intrafamilial
transplantation. In these patients, there was no correlation between the
number of HLA antigens shared and the degree of HLA-D disparity as
measured by MLC. However, a comparison shows that the low-MLC
group in unrelated transplants (Fig. 3) has a lower graft survival than the
low-MLC group does in related transplants (Fig. 2). This emphasizes the
importance of factors other than HLA-D matching in transplantation and
stresses the importance of other minor histocompatibility loci.

Recently, several other centers have confirmed our initial findings of
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Figure 3. MLC reactivity and unrelated graft survival. The numbers on the curves indicate
the number of patients studied for each time interval (see text for explanation).



164 KENT C. COCHRUM AND DEANNE M. HANES

the importance of HLA-D matching in unrelated-graft survival. Walker
et al. (1978), in a study involving cadaveric pairs (N = 240), showed that
those pairs with low MLCs demonstrated greater graft survival than
those with high MLCs. The development of serological detection of D-
locus-related antigens (DR typing) should facilitate identification of these
important antigens in cadaveric transplantation. Nevertheless, MLC
testing with its ability to measure the immunological response generated
by various degrees of D-locus incompatibility offers a necessary and
important supplement in the evaluation of histocompatibility.

In our experience, the most important variables affecting MLC
results are bacterial and viral infections, recent blood transfusions, and
various drugs (e.g., aspirin, steroids). These must be carefully controlled
so that MLC testing will give meaningful data. Also, histocompatibility
laboratories should not attempt to apply the SI values determined
elsewhere. Rather, a sensitive and standardized ML.C technique should
be developed that will correlate with graft outcome at any transplant
center. To accomplish this, further communication among MLC labora-
tories regarding standardization seems essential. Although there seems
to be no question of the efficacy of HLA-D in renal transplant, it is also
obvious that there are other important factors governing allograft surviv-
al. One of the most important of these factors is the effect of blood
transfusions.

4. Blood Transfusions

The intentional administration of pretransplant blood transfusions to
allograft recipients is one of the most controversial and exciting issues in
clinical transplantation. Previously, transfusions were thought to have a
deleterious effect on kidney-graft survival. But in 1973, Opelz et al.
(1973) reported a positive effect of blood transfusions and showed a
direct correlation between the number of transfusions given prior to
transplantation and graft outcome. Since their initial report, most trans-
plant centers in the United States and Europe have confirmed that
pretransplant transfusions improve kidney-allograft prognosis in cadaver
transplantation. Also, their work has been substantiated by additional
clinical studies (Festenstein et al., 1976; Fuller et al., 1977) and by
experimental work in the dog (Abouna et al., 1977). The positive
correlation between pretransplant transfusions and unrelated graft sur-
vival at the University of California at San Francisco (Vincenti et al.,
1978; Feduska et al., 1979) agrees with most published data (Fig. 4).

In contrast, the beneficial effects of transfusions in related trans-
plants are still controversial. Solheim et al. (1977) could not demonstrate
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Figure 4. Effect of blood transfusions on graft survival in 568 cadaver transplants. The
numbers on the curves indicate the number of patients studied for each time interval (see
text for explanation).

a transfusion effect in related donors, but reported a strongly positive
effect on cadaver kidney-graft survival. However, Brynger et al. (1977)
found an impressively beneficial effect of transfusions in related- as well
as unrelated-allograft survival. When we analyzed the effect of transfu-
sions in our related-transplant population, there was a significant im-
provement in graft survival in the transfused patients when the patients
were grouped according to the degree of HLA-D disparity. Those related
one-haplotype pairs with considerable HLA-D disparity (high MLC
reactivity) demonstrated the beneficial effect of pretransplant transfu-
sions (Fig. 5), while those patients with minimal HLA-D disparity did
not show as significant an improvement in graft survival with transfusions
(Fig. 6). This well-matched, low-MLC group had a 91% 1-year graft
survival, and therefore the additional favorable effect of blood transfu-
sions would not be as apparent in this group as it is in the high-MLC
group.

Next, we evaluated the effect of HLA-D disparity and pretransplant
transfusions in the cadaveric-transplant situation (Fig. 7). Graft survival
was improved substantially by transfusion in both high- and low-MLC
groups. These results support the reports (Persijn et al., 1978; van Rood
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Figure 5. Effect of blood transfusions on graft survival in high-MLC, one-haplotype-
related pairs. The numbers on the curves indicate the number of patients studied for each
time interval (see text for explanation).

2 N=21

100 ]|~ Transfusions
TN 19 16 14 11
e . ™

90 20

" i [ T .

N=21
70 No Transfusions

PERCENT GRAFT SURVIVAL
3

30

10

0 5 1 2 3 4 5

YEARS

Figure 6. Effect of blood transfusions on graft survival in low-MLC, one-haplotype-related
pairs. The numbers on the curves indicate the number of patients studied for each time
interval (see text for explanation).
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et al., 1979) that HLA-DR matching and transfusions will lead to
significant improvements in related and unrelated transplants. Serologi-
cally detected HLA-DR antigens, on B lymphocytes, are closely linked
to HLA-D determinants that stimulate in the MLC test. Donor-recipient
pairs that are HLA-DR-identical are frequently HLA-D-identical, al-
though not all DR-identical pairs have negative or low MLC tests.

The improvement in graft survival by matching for two DR deter-
minants was expected, since low or negative MLCs between related and
unrelated donor-recipient pairs have excellent graft survival (Figs. 2, 3,
6, and 7). But the improved graft survival in pairs who share only one
HLA-DR determinant was not expected, since these pairs frequently
have high MLCs. Our demonstration (Fig. 5) that blood transfusions are
enhancing in sibling and parent—child pairs despite high MLC reactivity
is informative. These results illustrate the syngeneic effect of HLA-D
matching on the nonspecific beneficial effect of transfusions. In addition,
these results suggest that matching for one HLA-DR determinant in
related and perhaps unrelated donor-recipient pairs improves graft
survival if the recipient has been transfused before transplantation.

No consensus exists concerning the type of blood used or the
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number or timing of transfusions that should be given to maximize the
beneficial effects observed. At present, there is also controversy about
the sensitizing effects of blood transfusions. At some centers, no dele-
terious sensitization was observed, although many centers have reported
an increased incidence of sensitization following transfusions and have
recommended reducing the number of transfusions to avoid sensitization
that may preclude transplantation.

We have reported an increased incidence of patient sensitization due
to unrelated transfusion. This effect was particularly evident in patients
receiving more than ten transfusions (Feduska et al., 1979). But the
development of lymphocytotoxins against a random panel does not
always prevent the patient from receiving a successful transplant in the
future. In an earlier report (Salvatierra et al., 1977), we demonstrated a
graft survival in highly sensitized patients that was comparable to the
graft survival in less-sensitized recipients. In addition, a distinction
should be made between sensitization against the donor’s HLA-A and -
B antigens and against his HLA-DR (B-cell) antigens. Antibodies directed
against the donor’s HLA-A and -B antigens have a detrimental effect on
allograft survival whether present before transplantation or developing
posttransplant. In contrast, antibodies directed against B-cell antigens
may be harmless (Ettenger et al., 1976a) or possibly advantageous if
present pretransplant (Morris et al., 1977). However, the appearance of
B-cell antibodies posttransplant is related to graft rejection (Ettenger et
al., 1976b; Cochrum et al., 1979). Although the consensus indicates that
pretransplant transfusions result in better graft survival, recipient sensi-
tization due to random transfusions is still a great problem. An undeter-
mined number of patients become so broadly sensitized by transfusions
that transplantation becomes difficult if not impossible. Therefore, we
felt that it was important to formulate a transfusion protocol that would
improve transplant survival without incurring sensitization to the specific
renal donor.

Experimental animal work has shown that transfusion of donor-
specific blood effectively induces specific suppression of allograft rejec-
tion (Marquet er al., 1971; Fabre and Morris, 1972 a,b; van Es et al.,
1977). In rats, prolonged graft survival by pretreatment with whole blood
has been described (Jenkins and Woodruff, 1971), and in dogs, donor
blood pretransplant also had specific immunosuppressive activity (Halasz
et al., 1964). Obertop et al. (1975) treated beagle littermates with a single
intravenous transfusion of specific blood 14 days before transplantation.
They found that in a few dogs, transfusions led to sensitization and
slightly accelerated rejection, but in the majority of the dogs receiving
donor-specific transfusions, no antibody production occurred and there
was prolonged graft survival.
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In the past, attempts to induce passive or active enhancement in
humans have been limited. Batchelor et al. (1970) were able to produce
passive enhancement in a child to his mother’s kidney, and in another
report, donor-lymphocyte injections given with prednisone and azathio-
prine were used to enhance a patient before kidney transplantation
(Newton and Anderson, 1973). Allograft enhancement has also been
suggested in skin grafts on human volunteers immunized with donor
lymphocytes (Rapaport et al., 1968).

We have recently reported our preliminary results (Cochrum et al.,
1979) utilizing donor-specific pretransplant transfusions to attain specific
and nonspecific benefits from transfusions. Donor-specific transfusions
were performed with well-defined HLA-D-disparate pairs who shared a
single haplotype. Ferrara er al. (1978) have shown that the degree of
HLA disparity between blood donor and recipient correlated directly
with the frequency with which the recipient developed antibodies against
the donor. In one-haplotype pairs, the number of incompatible antigens
is decreased and the probability that sensitization will occur in the
donor-recipient relationship is considerably lessened. In addition, donor-
specific transfusions were performed with HLA-D-disparate parent—child
pairs to facilitate detection of humoral and cellular sensitization to the
mismatched haplotype.

Two or three donor-specific-blood transfusions, each consisting of
200-500 ml fresh, whole, citrated blood or packed cells, were adminis-
tered intravenously to recipients at 2-week intervals before kidney
transplantation. All recipients were tested extensively over the transfu-
sion period for humoral and cellular sensitization. Of the donor-specific-
transfused patients, 30% became sensitized and were not transplanted.
Patients who had negative T- and B-cell cross-matches following the
transfusions were transplanted and have normally functioning allografts
2 months to 1.5 years posttransplant. Table 1 shows recipient and donor
HLA genotypes, pretransfusion MLC, cell-mediated (CML), lymphocy-
totoxicity and random-panel cross-match values, and the number of
pretransplant unrelated-blood transfusions in six of these patients. Both
MLC and in vitro CML values in these patients were not changed
significantly by the donor-specific-blood transfusions.

It has been suggested that the capacity of a recipient to respond
immunologically to blood transfusions may influence his graft survival
(Opelz and Terasaki, 1978). In addition, a distinction has been made
between high and low responders on the basis of the ‘‘broadness’’ of the
cytotoxic reactivity pattern of the recipient’s sera against a random panel
of lymphocytes. High responders were shown to have a poorer graft
survival than low responders. Table 2 shows representative cross-match
data from two patients transfused with donor-specific blood. Patient No.
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2 is obviously immunologically competent, since he responded to the
unrelated-blood transfusions by developing lymphocytotoxins, and would
certainly be classified as a high responder, since he developed antibodies
against 100% of the random panel. But this patient graphically demon-
strated a selective ability to respond to the unrelated transfusions while
remaining unresponsive to three transfusions from his mother. This
patient has never experienced a rejection crisis and is 1 year posttran-
splant.

Two of our patients had weak preexisting lymphocytotoxins to their
donor at 4 and 23°C, but not at 37°C. These patients did not show an
ammestic response to the donor transfusions, but in fact their antibody
titers disappeared during the donor-transfusion course. These patients
were transplanted and have had excellent graft survival. The disappear-
ance of the antibodies is indicative of a suppressive effect, although the
mechanism of suppression in these patients is unclear. Blocking factors
in the serum seem unlikely, since the MLC responses in all the transfused
patients remained high after transfusion and were not inhibited by the
recipient’s plasma. This suggests that blocking antibodies against the
donor’s mismatched HLA-D locus were not significant.

Iwaki et al. (1978) recently reported that antibodies directed against
B cells may play a role in the transfusion phenomenon. These antigens
appear to be governed by loci outside HLA and are most readily
recognized in the cold (4°C).

We attempted to evaluate the possible existence of a link among
blood transfusions, cold B-cell antibodies, and graft protection in our
donor-specific-transfused patients, but were unable to consistently detect
B-cell antibodies that reacted primarily at 4°C. In addition, we did not
find warm B-cell antibodies (37°C) in these patients’ sera. Although some
investigators have found that the presence of preformed warm B-cell
antibodies was followed by poor transplant outcome (Iwaki et al., 1978),
others have not observed this (d’Apice and Tait, 1979; Ting and Morris,
1978).

Our results using related one-haplotype blood donors to accomplish
the benefits of random transfusions are encouraging. The immunological
monitoring of these transfused patients is much easier because the
immunizing haplotype is known. In addition, the risk of a related donor’s
transmitting hepatitis or another viral disease is obviously less than with
an unrelated blood donor. But most important, the use of blood donors
who share one haplotype greatly reduces the risk of sensitization because
of fewer antigenic differences. Indeed, following our transfusion protocol,
only 30% of the patients became sensitized to their specific donor’s cells
and were not transplanted. This should be compared with Fig. 2, which
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TABLE 2. Selected Cross-Match Data for Two Donor-Specific-Transfused
Patients

Cross-match vs. donor

. T cells B cells
Blood Lymphocytotoxins
transfusions® gainst random panel 4°C 23°C  37°C  4°C 23°C 37°C
Patient 2
Pretransplant S units (Unr) 38% - - - - - _
Posttransplant
0 Weeks 200 cc (DSp) 38% - - -
2 Weeks 200 cc (DSp) 17% - —- - - - -
4 Weeks 200 cc (DSp) 38% - — — - - _
6 Weeks — — - - - + _ _
8 Weeks 2 units (Unr) 100% - - - - — _
Transplant — 100% - - - -
Patient 6
Pretransplant 3 units (Unr) 0% * + - + -
Posttransplant
0 Weeks 250 cc (DSp) 0% + + — - + _
2 Weeks 200 cc (DSp) 0% - * - — + _
4 Weeks 200 cc (DSp) 0% - - - + + _
6 Weeks 5 units (Unr) 0% — - - — _ _
Transplant — 0% - — - + _ _

¢ (Unr) Unrelated; (DSp) donor-specific.

shows a 50% allograft rejection rate at 1 year in HLA-D disparate related
pairs, where virtually all recipients also developed antibodies.

Donor-specific transfusions not only seem to restrict sensitization,
but also appear to select out potentially poor grafts before transplanta-
tion. In addition, if the recipient becomes sensitized, it is sensitization
against only the one disparate donor haplotype instead of broad sensiti-
zation. Therefore, these recipients would be much less restricted in
relation to future unrelated allografts. The transfusion of potential cadav-
er recipients with HLA-typed blood from relatives could confer the
benefits of transfusion with low sensitization of the recipient. Although
HLA-A and -B typing and particularly cross-matching are important to
good graft survival, HLA-D matching appears to be most important to
graft acceptance and may be key in the initiation of suppressor mecha-
nisms and enhancing antibodies following blood transfusions. And since
HILA-D typing correlates closely with HLA-DR matching, which can be
performed serologically, the most practical means of improving graft
survival, at present, appears to be a combination of DR typing, blood
transfusions, and immunosuppression. Because of the apparent restric-
tive polymorphism of the DR locus, a much-reduced recipient pool will
be necessary to find well-matched donor-recipient pairs in cadaver
transplantation.
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ADDENDUM. To date, we have transfused 32 one-haplotype HLA-D
disparate living related pairs with donor-specific blood. Nine patients
(28%) were sensitized by the donor-specific transfusions. Twenty-three
patients with negative T- and B-cell crossmatches have been transplant-
ed; 22 patients have functioning grafts at 2 months to 2 years. One graft
was rejected at 3 months posttransplant after the patient discontinued
her immunosuppressive drugs.
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HLA-Linked Regulation of Immune
Responsiveness in Man

Role of /-Region-Gene Products

Leonard J. Greenberg

1. Introduction

During the past decade, there has been an ever-increasing interest in the
interaction between the immune system and the major histocompatibility
complex (MHC) of the species. The impetus for this intense scientific
focus derives for the most part from the discovery that immune respon-
siveness is genetically controlled by genes mapping in the H-2 complex
of the mouse, i.e., the observation of linkage between the Ir-1 locus and
H-2 (McDevitt and Chinitz, 1969). Since that time, many associations
between immune-response (Ir) genes and the MHC have been detected
in inbred strains of mice (Martin et al., 1971; Vaz and Levine, 1970;
McDevitt et al., 1969) and guinea pigs (Green and Benacerraf, 1971;
Ellman et al., 1970; Green et al., 1970). This subject has been extensively
reviewed in several books (McDevitt, 1978; Sercarz et al., 1977; Snell et
al., 1976; Klein, 1975) and will not be dealt with in any detail in this
chapter.

Although many genes, located within the MHC region of the chro-
mosome, have been shown to be involved in immune functions, their
precise mode of action is still unclear. These studies have nevertheless
led to the presumption that the observed associations are meaningful for
survival and therefore have been preserved in evolution. As a conse-
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quence, many investigators have searched for and described human
counterparts. These studies have primarily involved association between
human histocompatibility antigens (HLA) and susceptibility to specific
diseases, a subject that has been extensively reviewed (Dausett and
Hors, 1975; van Rood et al., 1975; Svejgaard et al., 1975). Although a
number of diseases show a definite association with an HLA-B allele,
some show an even stronger association with HLA-D. These more recent
observations have led to the notion that disease associations are due to
the effect of genes in the HLA-D region or to genes in strong linkage
dysequilibrium with HLA-D genes. Although very little is known about
the number and function of genes in this region, since D-region genes
code for membrane determinants that elicit mixed-lymphocyte culture
(MLC) reactivity, it has been assumed that the D region is the human
analogue of the I region in the mouse. Aside from a definite role in the
initiation of MLC reactivity, /-region genes code for immune-associated
(Ia) antigens and regulate immune responsiveness (Ir genes) (Shreffler
and David, 1975) and immune suppression (Debre er al., 1975). At
present, it is not known whether or not Ia and Ir are separate genetic
entities; however, it appears that Ia antigens form an integral part of
antigen-specific T-cell-receptor molecules (Tada and Taniguchi, 1976;
Taussig et al., 1976). Thus, if indeed HLA-D-region genes and /-region
genes are analogous, then at least some disease associations could very
well be due to aberrant regulation, by Ir or Is genes, of immune responses
to specific antigens. Although neither of these genes has been conclu-
sively demonstrated in man nor is there hard evidence linking them to
disease susceptibility, some recent studies indicate that such a genetic
mechanism could be operative.

In the sections to follow, I will try to provide the reader with some
feeling for the state of the art of this area of human immunogenetics. It
should be kept in mind, however, that the type of studies and the rate of
progress are influenced to a considerable extent by the outbred nature of
man and by restrictions in human experimentation. The latter consider-
ation becomes abundantly manifest when one examines the way in which
Ir genes were discovered. The immune system was challenged with
antigens of restricted heterogeneity and specificity. The types of antigens
employed were: (1) synthetic polypeptides with a limited number of
different L-amino acids and their hapten conjugates; (2) weak native
antigens differing slightly from host protein; and (3) strong native antigens
injected in limiting doses, i.e., a dose range that is immunogenic for only
some individuals within a strain or certain strains within a species. One
major consideration is the fact that these immune responses can also be
determined in vitro by measuring the proliferative response { rate of
incorporation of [*H]thymidine ([*H]-TdR) into DNA} of lymphoid cells
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cultured together with antigen (Tyan, 1972; Tyan and Ness, 1971).
Leukocytes from high-responder mice synthesize 10—100 times more
DNA at a lower antigen concentration than do leukocytes from low-
responder mice.

2. Association between HLA and Immune Response

In view of the aforementioned limitations in human experimentation,
efforts to define Ir genes in man have relied for the most part on the
assessment of immune reactivity subsequent to immunization with ethical
antigens, skin-testing, and following natural infection. In the sections
that follow, representative studies involving these approaches will be
described.

2.1. Response to Ethical Antigens

During the past few years, several studies have been described in
which efforts were made to uncover an association between immune
responsiveness to vaccination with different commonly used viruses and
HILA. Haverkorn et al. (1975) studied the antibody response to poliom-
yelitis virus, rubella, measles, diphtheria toxoid, and influenza in 143
twin pairs of the same sex, living in the same household, and attending
the same elementary school. The study included 71 monozygotic and 72
dizygotic twin pairs. In the latter group, there were 18 pairs sharing no
HLA haplotypes, 31 pairs sharing one haplotype, and 23 sharing haplo-
types. The degree of similarity of antibody response within a twin pair
was estimated as the ratio of antibody titers. Thus, if linkage between
HLA and immune responsiveness exists, it would lower the ratios of
HLA -identical twin pairs as compared to those of HLA-nonidentical twin
pairs. Evidence of possible linkage to HLA was observed only in the
case of response to measles.

Spencer et al. (1976) studied the antibody response subsequent to
intranasal administration of a live, attenuated influenza A vaccine to 99
volunteers, a placebo solution to 50 volunteers, and a single intramuscular
injection of a standard bivalent inactivated influenza vaccine to 50
additional volunteers. Subjects with HL-A type W16 had, as a group, a
mean convalescent-phase hemagglutination-inhibition antibody titer of
14, which was significantly lower (P < 0.001) than the mean titer of 36
in subjects without W16. No association with HLA was observed in
those subjects who were immunized by intramuscular injection with an
inactivated influenza vaccine; examination of both acute-phase and
convalescent-phase titers revealed no significant difference among sub-
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jects with different HLA types. The authors interpreted these data to
mean that the lowered antibody response observed in the W16 subjects
is due to increased resistance to infection, rather than to a suppressed
immune response, since other individuals with W16 had normal responses
to killed influenza vaccine. Although a limited amount of data was
presented and no mention was made of the level of significance, the
geometric mean titers of acute-phase and of convalescent-phase sera
from these W16-positive subjects were both lower than the titers of sera
from non-W16 subjects.

In a subsequent study, Spencer et al. (1977) measured antibody
responses following immunization with live, attentuated RA 27/3 rubella
vaccine and analyzed the data in terms of sex, age, HLA, and ABO
types. Children in the youngest age group (1-5 yr) had the highest
convalescent-phase, geometric mean, antibody titer. Girls in the 1- to 5-
and 6- to 12-year age categories had higher mean titers than boys of the
same age groups. Subjects with type AB blood had significantly higher
convalescent-phase titers (p = 0.05) than non-AB subjects. With respect
to HLA, subjects with BW17, B18, and AW23 had the lowest convales-
cent-phase titers, whereas vaccinees with B14 and BW22 had the same
high titer (152). Nine children, from 3 to 14 years of age, had titers of 512
or higher. Four of these children were HLA-A28, whereas only 8% of
the total study population had this antigen (x> = 12.06; p = 0.0005 x 26
= 0.01). Although 28% of the test population had clinical symptoms, no
correlation could be found with any HLA type. The results of this study
differ markedly from those of the previous study by Spencer ef al. (1976),
which employed attenuated influenza A vaccine. The authors suggest
that the different routes of administration of virus, influenza A intranas-
ally and RA 27/3 rubella vaccine subcutaneously, may be responsible for
the differences in immune responsiveness to the two vaccines. It was
suggested that subcutaneous administration might bypass some cuta-
neous defense mechanisms. One final note on this study that intrigued
the authors was the fact that the RA 27/3 rubella vaccine was prepared
by growing virus in human WI 38 tissue culture cells, on which the only
known HL A antigen is HLA-A2. Their notion was that the vaccine may
have contained determinants derived from the culture that could facilitate
a tolerant infection without a humoral antibody response in those
individuals sharing the same histocompatibility determinants as the WI
38 cells. Four of six nonresponders expressed HLLA-A2, and three of six
nonresponders expressed B12 and BW17. This interpretation, of course,
will have to await the elucidation of the complete HILA phenotype of WI
38 cells.

Whereas the studies just described have dealt only with possible
association between antibody response to vaccination and HLA, deVries
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et al. (1977) examined the relationship between immune response both
in vitro and in vivo and HLA phenotype in 79 individuals subsequent to
a primary immunization with vaccinia virus. A low in vitro response was
observed when lymphocytes from vaccinated individuals were cultured
together with heat-inactivated virus. Low response was associated with
HLA-Cw3. Antibody titers were higher in subjects tested after 5-11
weeks than in those tested 3-4 weeks postimmunization. In neither case,
however, was there a correlation between the degree of lymphocyte
reactivity in vitro and antibody titer, nor was the frequency distribution
of the titers bimodal. Only in the subjects tested after 5—-11 weeks was
there a significantly increased titer in Cw3-positive subjects as compared
to Cw3-negative ones. Although no mechanism of interaction between
HLA-Cw3 and the response to vaccinia is immediately apparent, the
authors advanced the following possibilities: (1) Low in vitro response
may involve immune-suppression (Is) genes that are in linkage dysequi-
librium with HLA-Cw3; (2) Cw3-positive subjects might have a higher
intracellular virus load that could interfere with DNA synthesis in the in
vitro test; and (3) Ir genes in linkage dysequilibrium with Cw3 might
facilitate a faster response and elimination of virus.

Another aspect of the immune response to vaccinia virus, which
may have some bearing on this latter consideration, was studied by
Perrin et al. (1977). In this study, 12 normal, healthy adults, who had
been vaccinated with vaccinia virus during childhood and revaccinated
2 or more years prior to the study, were given vaccinia virus vaccine.
Peripheral-blood lymphocytes (PBL) harvested at different days after
vaccination showed peak activity to lyse virus-infected target cells on
day 7. The cytotoxicity, however, was not related to HLA markers,
inasmuch as autologous, homologous, and heterologous target cells were
all lysed with the same efficiency. Cytotoxicity involved Fc-receptor
bearing cells that did not rosette with sheep erythrocytes. Cytotoxic
activity could be almost completely abrogated by rabbit Fab’; anti-human
IgG. Nonimmune PBL, on the other hand, lysed vaccinia-infected target
cells in the presence of specific antibody against vaccinia virus. The
authors concluded that although vaccination produces specific antiviral
antibodies and cytotoxic K cells, antibody-dependent cellular cytotox-
icity may be of major importance in the way in which humans successfully
handle virus infections.

The final studies in this area of response to ethical antigens deal
with non-infectious protein antigens, diphtheria and tetanus toxoids (DT
and TT), both of which have been shown to give variable responses in
humans (Haverkorn et al., 1975). McMichael et al. (1977) studied the
response to DT in ten families that were tissue-typed for HLA-A,B and
D. All subjects were given 0.5 ml (1.5 Lf) of alum-precipitated diphtheria
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by intramuscular injection, and venous blood was taken at intervals
thereafter for assay. All members of the study were bled between 3 and
6 weeks after immunization, a time period that kinetic studies had shown
to be optimal and in which immunological reactivity had reached a
plateau. Both antibody-binding capacity (ABC) and the blastogenic
activity of lymphocytes from test subjects, subsequent to culture in vitro
with DT, were assessed. On the basis of an analysis for heritability and
linkage to HLA, neither of which was described in the text or referenced,
the authors offer two alternatives to explain the data. The first is that
responsiveness to DT is controlled by a single dominant gene. With the
exception of two families, 1 and 9, in which low-responder parents had
high-responder children, the authors claim that this interpretation is
compatible with the data. The second possible explanation invokes the
presence of two linked genes controlling responsiveness to DT such that
two low-responder parental haplotypes could complement each other
and produce high-responder children. The possibility that response is an
autosomal recessive trait was ruled out by data from a family in which
high-responder parents had low-responder children. With respect to
antibody responses in test subjects, there did not appear to be any
correlation between ABC and blastogenic reactivity. The authors point
to the fact that the lower mean titer in parents (ABC = 1.5 ug/ml) as
compared to that in children (ABC = 9.3 ug/ml) may be a reflection of
inadequate immunization in the parents. Since the standard boosting
dose of DT is 1/30th of the normal three-injection priming dose given to
children, the long interval in the parental generation since previous
immunization might mean that even high responders would fail to respond
to a single low dose of antigen. The authors contend that lymphocyte
blastogenesis induced by DT is probably partially controlled by a domi-
nant gene that is not closely linked to HLA. However, in view of the
complexity of the antigens employed and ambiguities about the histories
of previous immunizations, it is difficult to arrive at any conclusion about
possible genetic control of response to DT.

Recently, Sasazuki et al. (1978) examined the response to TT in
Japanese and found that while there was no association between HLA
and high response to TT by immune lymphocytes in vitro, significant
association between HLA-B5 and low responsiveness was manifest. An
even stronger association was observed with HLA-DHO, a D specificity
in linkage dysequilibrium with BS. This association between low respon-
siveness to TT and HLA is similar to the findings of deVries e al. (1977),
who described an association between HLA-Cw3 and low response to
vaccinia vaccine. Sasazuki et al. (1978) feel that if low responsiveness is
under genetic control, it might be determined by dominant Is genes
(Debre et al., 1975). This was also one of the possibilities suggested by
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deVries et al. (1977). However, Sasazuki et al. (1978) have ruled out
control by Ir genes on the basis that if response to TT was under Ir-gene
control, then low responsiveness could occur only in the absence of the
specific Ir gene. Low responders would have to be homozygous at that
locus. MLC reactivity with HLA-DHO homozygous typing cells and
lymphocytes from low responders revealed that most individuals were
heterozygous for that particular D antigen.

2.2. Response to Skin-Test Antigens

2.2.1. Immediate Cutaneous Reactions

The elucidation of immunogenetic mechanisms underlying allergic
reactions in experimental animals has proceeded along rather conven-
tional lines. Vaz and Levine (1970) have demonstrated that histocompa-
tibility-linked genes control specific IgE as well as IgG antibody re-
sponses. Histocompatibility-linked Ir genes controlling IgE antibody
responses to pollen allergens (Chang and Marsh, 1974) and Ascaris
allergens (Patrucco and Marsh, 1974) have also been demonstrated.
Efforts to identify allergen-specific Ir genes in man have relied for the
most part on a search for association between HLA and immediate-type
skin reactions to various natural allergens. These studies have involved
both the random population and families and have employed allergens of
varying degrees of purity, a complication that might account for the lack
of strong associations and agreement among studies with the same class
of allergen.

Employing a highly purified ryegrass preparation, Marsh (1976)
observed significant association between immediate skin reactivity and
HLA-B8 (p = 0.005), with a p value of 0.007 for the presumptive AI-B8
haplotype. Another study implicating the Al-B8 haplotype involved the
response to mite antigen (Dasgupta et al., 1976); however, the level of
significance was much lower (p = 0.05). The most convincing data in
this area derive from family studies in which high-titer anti-ragweed IgE
antibodies (Levine et al., 1972) and immediate skin reactions to ragweed
antigen (Blumenthal et al., 1974) were found to segregate with HLA. In
both studies, the authors suggested that the response to allergen is
controlled by an HLA-linked Ir gene.

These interpretations, however, have been challenged by Bias and
Marsh (1975) from a number of points of view. A major criticism derived
from the fact that in neither study were the data appropriately analyzed
for linkage. In the study by Levine er al. (1972), several spouses of
subjects were not studied, and consequently it would be impossible to
assume that a common trait such as an Ir gene for antigen E might not
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be present in these people. In these cases, sensitivity to antigen E in
their progeny could have been inherited from a parent who was not
studied, whether or not specific allergy was expressed. Bias and Marsh
(1975) also raised one additional criticism of this study, namely, that the
probable high frequency of Ir AgE genes and the differential expressivity
in IgE-mediated reactions in different family members present a difficult
problem to analyze without the positive identification of the mating
types, which is impossible when only one parent is studied. The study
by Blumenthal et al. (1974) suggesting linkage between IrE and HLA is
dependent on a grandfather and his son being transmitters in that they
have seasonal allergy and thus have genes required for the expression of
allergy. They possess the postulated IrE-linked haplotype, but have
negative skin tests to antigen E and a crude ragweed preparation.
Blumenthal et al. (1974) also postulated a rather high incidence of
recombinants between IrE and HLA (20%), which would place an IrE
locus well outside the MHC.

Subsequent to the critique by Bias and Marsh (1975), Blumenthal
and his collaborators performed genetic analysis on the distribution of
immune responses in two ragweed-sensitive families. This analysis re-
vealed that a positive skin test to antigen E or personal history of
seasonal allergy, or both, were inherited in an autosomal dominant
fashion. Furthermore, they demonstrated by linkage analysis that this
locus was linked to HLA-B with an estimated recombination frequency
of 0.1 in males and 0.5 in females and a log of the odds (lod) score of
2.47. More recently, Black et al. (1976), employing four different highly
purified pollen antigens (ragweed antigens E, Ra3, and Ra5 and ryegrass
Group I), studied IgE-mediated skin sensitivity, serum IgG antibody, and
antigen-induced lymphocyte proliferation in vitro in 76 members of 13
large families. No evidence for association between specific HLA hap-
lotype and immune responses by any of the indices tested was found. In
some instances, individuals exhibited lymphocyte responsiveness to
antigens, but had no detectable specific IgE or IgG antibody. Conversely,
a few individuals with marked IgE or IgG responses, or both, to a given
antigen showed no measurable lymphocyte response to that antigen, but
did respond to other nonimmunologically cross-reacting antigens.

It is not immediately apparent from the studies just described
whether or not HLA-linked Ir genes control immune responsiveness to
allergens. If linkage does indeed exist, the effect may be masked by a
number of factors both genetic and nongenetic in nature. Although much
more work has to be done to elucidate any underlying genetic mecha-
nisms, the current feeling is still positive and focused in the general
direction of two possible genetic controls, one that is linked to HLA that



HLA-LINKED REGULATION OF IMMUNE RESPONSIVENESS IN MAN 185

controls specific immune responses to allergens and another controlling
the level of IgE that is not linked to HLA.

2.2.2. Delayed Cutaneous Reactions

The delayed-type hypersensitivity reaction has been studied rather
extensively for many years and is commonly used for the assessment of
cell-mediated immunity. The delayed reactivity that is seen following
intradermal injections of antigens of bacterial, fungal, or viral origin is
predicated on prior immunological experience with the antigens under
study. However, in the light of our current understanding of the inter-
action between the MHC and the immune system, the capacity of an
individual to respond in a delayed-type reaction may also depend on
genetic background. Although there are many studies demonstrating the
delayed-type reaction in man, there are very few examples dealing with
the influence of the MHC on the response, and in most instances the
studies described involve an in vitro counterpart of the delayed skin
reaction, i.e., antigen-induced lymphocyte blastogenesis that results
when sensitized lymphocytes are cultured together with specific antigen.

Buckley et al. (1973) studied both the delayed and immediate skin
responses to a large panel of test antigens in three families. Families
were selected on the basis of probands with tuberculosarcoidosis, chronic
cutaneous moniliasis, and rheumatoid arthritis. Positive associations
between HLA haplotypes and immediate cutaneous hypersensitivity
responses to 5, 8, and 11 of 23 test antigens were identified in the three
respective families. However, an increased incidence of delayed cuta-
neous unresponsiveness that was not related to HLA was observed in
each family.

Persson et al. (1975) also examined the relationship between HLA,
sarcoidosis, and the response to purified protein derivative (PPD) RT23
in an effort to clarify conflicting observations (Hedfors and Moller, 1973;
Keuppers et al., 1974) as to whether or not HL-A7 was associated with
the disease. These investigators found no increase in HL-A7 in a group
of 80 patients. However, in the group of patients not responding to PPD
when tested for the first time after diagnosis of sarcoidosis, there was a
significant increase in the prevalence of HL-A7 (P = 0.003) from 26.8%
in controls to 46.8% in patients. In contrast, HL-A7 was completely
absent in 28 patients maintaining or developing a positive reaction to
PPD after diagnosis (P = 0.0002). The difference between these two
groups of patients is highly significant (P = 3 x 1079). The fraction of
patients with positive reactions prior to diagnosis was the same in both
groups. The authors concluded from these data that the HLA system
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probably did not influence susceptibility to sarcoidosis; however, once
the condition developed, individuals expressing HL.-A7 would be more
likely to lose cellular immunity to PPD and to reveal symptoms.

The next few studies all deal with the in vitro response of lympho-
cytes to streptococcal antigens. Response to these ubiquitous antigens is
predicated on the fact that most individuals have had prior immunological
experience. However, the precise extent of this type of natural immuni-
zation is difficult to assess. Interest in possible MHC control of immune
responsiveness to streptococcal constituents derives in part from the
involvement of the immune system in the development of streptococcal
disease and in part from the observation that heat-killed Group A
streptococci have the ability to induce a state of altered reactivity to skin
homografts in guinea pigs (Rapaport and Chase, 1965). In this context,
Pellegrino et al. (1972) studied the relationship between response in vitro
to streptococcal type M1 protein and HLA. These authors observed that
lymphocytes from normal, healthy adults underwent a dose-dependent
increase in DNA synthesis when cultured with M1 protein. However,
the degree of lymphocyte stimulation was not related to either the HLLA
phenotype or the anti-M1 serum titer of the lymphocyte donor. Inhibition
of Ml-induced lymphocyte blastogenesis could be achieved with both
allo- and heteroantisera directed against HLA. This serum inhibitory
effect could be abrogated by specific absorption of HLA alloantisera
with cultured human lymphoid cells. It was suggested that the serum
inhibition by anti-HLA antibodies was brought about by a masking of
the M1 protein’s mitogenic site that prevented interactions with specific
lymphocyte receptors required for induction of the proliferative process.
When viewed in the light of our present understanding of human MHC
functions, the serum inhibitory effects just described may have been
brought about by antibodies directed against /-region determinants. This
subject will be discussed in more detail in a separate section.

We have also studied the cell-mediated immune response to strep-
tococcal antigens both in vivo by measuring the delayed-type skin
response and in vitro by measuring the degree of antigen-induced blas-
togenesis. Lymphocytes from a large test panel of normal, healthy adults
were cocultured with varying concentrations of SK/SD (Streptokinase-
Streptodornase, Lederle), incubated for 120 hr at 37° in CO, environment,
pulsed with [?H]-TdR, and assayed for radioactivity. Three types of
responses were observed: (1) response over the entire range of antigen
concentrations; (2) low response to only the highest antigen concentra-
tions; and (3) no response at all. Statistical analysis of the HLLA-antigen
frequency distribution in each of the population segments revealed that
low responders and nonresponders have similar HLLA-antigen frequency
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distributions, whereas the prevalence of HLA-BS was significantly in-
creased in the responder population (corrected P = 0.0001) (Greenberg
et al., 1975). Although a limited number of individuals were skin-tested,
in general, much greater reactivity was observed with those expressing
BS5 than in the absence of BS.

Section 3 will deal with our efforts to elucidate possible genetic
mechanisms governing the response to streptococcal antigens. However,
before describing these studies, I would like to call the reader’s attention
to a recent report by Kawa et al. (1978) on the response of Japanese to
SK/SD. In this study, 90 healthy Japanese were tested for their in vitro
response to 5000 ng SK/SD. Response was distributed in three groups as
follows: (1) 52 individuals with a stimulation index (SI) of less than 1.3
(nonresponders); (2) 22 individuals with an SI of between 1.3 and 1.5;
and (3) 16 people with an SI of greater than 1.5. No association was
found between HLA and the degree of SK/SD-induced blastoid transfor-
mation. The authors point to a racial difference between their study and
that of Greenberg et al. (1975) as a possible explanation for the lack of
any association between HLA and response to SK/SD. It is rather
difficult to assess the study of Kawa et al. (1978), since no information
is given about dose-response conditions, and the data are expressed as
SIs. At a dose of 5000 ng/ml, which produced maximal responses (30,000
cpm) in the study by Greenberg et al. (1975), Kawa et al. (1978) reported
only 10 individuals out of 90 with an SI greater than 2.0, of whom 7 are
under 2.5. It is not clear from the data presented in this study whether
response to SK/SD is bimodally distributed, and therefore attempts at
HLA association would not be meaningful.

2.3. Conclusion

Studies described in Section 2 have been directed toward the
elucidation of the relationship between the HLA system and the control
of immune responsiveness in man. The antigens employed fell into two
categories, infectious agents and noninfectious material. With the possi-
ble exception of some studies dealing with immediate cutaneous reaction,
in which different doses of purified antigens were used, all immunizations
were carried out according to strict human-use protocols, the result being
that very heterogenous antigen preparations were employed at a fixed
dose. Since the identification of specific murine and guinea pig Ir genes
depended on the use of antigens of restricted heterogeneity and specificity
and the ability to limit antigen dose, it is not surprising that no human
counterparts were clearly delineated in these studies. Other major differ-
ences between the human studies and the animal model include the route
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and frequency of administration of antigen and the tissue sources from
which samples were obtained for the assessment of immune function. In
mice and guinea pigs, spleen, lymph node, or peritoneal cells were
employed, but not PBL, whereas in man, PBL were used exclusively.
Although these studies in man did not succeed in identifying any
specific human Ir gene, except for the postulated IrE gene, which is still
a controversial matter, one observation that was common to several
studies was that of immunological unresponsiveness that was associated
with HLA. This relationship was observed in the case of low response
to vaccinia virus and HLA-Cw3, low response to tetanus toxoid and
HLA-DHO, and low response to PPD in patients with sarcoidosis and
HLA-B7. In the first two examples, the authors suggested that if low
responsiveness is under genetic control, it might be determined by
dominant immune-suppression (Is) genes. Even if such a mechanism is
operative, one is still faced with the problem of developing a test system
that is capable of identifying human Ir genes, if indeed they do exist.

3. Immunogenetics of Response to Streptococcal Antigens

In Section 2, representative studies were described that were direct-
ed toward the identification of MHC-linked genes controlling immune
responsiveness in man. For the most part, these studies involved rather
complex antigen preparations that were used at one prescribed dose, in
a randomly selected test population. Data were analyzed in terms of the
relationship between response and HLA-antigen frequency distribution.
Although HLA-association studies have provided a great deal of useful
information about a variety of diseases, this type of statistical approach
cannot be employed to elucidate underlying genetic mechanisms. This
type of information requires an estimation of linkage, which is determined
by the proximity of gene loci on a particular chromosome. Studies to
determine linkage must examine families to see whether certain traits are
transmitted together from generation to generation.

In this context, the observation that response to streptococcal
antigens in vitro is associated with HLLA-BS (Greenberg et al., 1975)
suggested that an analysis of the response pattern in families to purified
streptococcal antigens might provide a means of identifying MHC-linked
genes that regulate immune responsiveness. Work that will be described
in this section was designed to explore this possibility and was carried
out in the author’s laboratory in collaboration with Drs. Ricki-Lahn
Chopyk, Chuck Eng, and Ernest D. Gray, and Peter W. Bradley, Harriet
J. Noreen, Sam Quek, Linda R. Hanson, and Margie Frederickson.
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3.1. Purification and Characterization

3.1.1. Group C Antigens (SK/SD)

SK/SD (Streptokinase-Streptodornase, Lederle) is a mixture of ex-
tracellular proteins isolated from Group C streptococci, strain H-46A;
therefore, it was surprising to find both a striking association between
response in vitro and HLA-BS5 and a relatively large number of nonre-
sponders (Greenberg et al., 1975). This situation might be expected from
a purified antigen of restricted heterogeneity and specificity rather than
a crude mixture such as SK/SD. However, it can be seen in Fig. 1A,
which is a polyacrylamide gel electrophoresis (PAGE) scan of SK/SD,
that although SK/SD contains many different proteins, there is only one
rather symmetrical peak of blastogenic activity (Fig. 1B). The material
under the blastogenic peak was further purified by diethylaminoethyl
(DEAE) and carboxymethyl (CM) cellulose chromatography and electro-
phoresis through 12% acrylamide gel, which resulted in the isolation of
a protein that was homogeneous on sodium dodecyl sulfate (SDS)-PAGE
with a molecular weight of 38,000. This material, designated PSA-C, is
resistant to heat, 70°C for 30 min; has a blocked N-terminus; and induces
blastogenesis in responder lymphocytes in a dose-dependent manner
(Chopyk et al., 1976).

3.1.2. Group A Antigens

The extracellular constituents of strain C203S were chromatographed
on DEAE cellulose and the fractions delineating the peak of blastogenic
activity pooled and rechromatographed on CM cellulose. When electrop-
horesed on acrylamide gel under conditions similar to those for the
antigens from Group C, a single peak of blastogenesis occurred (Fig. 2)
that was designated PSA-A and was discrete from PSA-C depicted in
Fig. 1B. This material was homogeneous on SDS-PAGE with a molecular
weight of 17,500. PSA-A is resistant to heat, 100°C for 30 min, and to
treatment with RNAase and DN Aase, but is inactivated by pronase and
trypsin (Gray et al., 1978). PSA-A also induces blastogenesis in responder
lymphocytes in a dose-dependent manner.

3.2. PSA-C Response in Families

The response to PSA-C was studied in 15 informative families that
were tissue-typed for HLA-A,-B and -C and in selected instances for
HLA-D. Peripheral-blood lymphocytes (PBL), purified by floatation on
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Figure 1. (A) PAGE scan of SK/SD. (B) Analysis of PAGE fractions of SK/SD. (@)
Blastogenic activity of SK/SD gel fractions; ((O) blastogenic activity of blank gel; (®)
nuclease A activity of SK/SD gel fractions.

Ficoll-Isopaque, were cultured together with varying concentrations of
PSA-C. The response pattern was subjected to both segregation and
linkage analysis. The mode of inheritance was determined by fitting
probability models to the data employing a computer program developed
by Morton and MacLean (1974). The best fit was achieved by using a
dominant-inheritance model and assuming 100% penetrance. Linkage
analysis was performed by using LIPED, a computer program developed
by Ott (1974), which generates a set of lod or Z scores. Family data
analyzed by LIPED yielded a cumulative lod score of 5.36, which is
indicative of highly significant linkage between response to PSA-C and
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Figure 2. Analysis of PAGE fractions of extracellular constituents of Group A streptococci
(strain C203S). () Blastogenic activity; (@) nuclease A, B, C, and D activities.

HLA haplotypes. A plot of the antilog of the lod score vs. 6, the
recombination fraction, indicates that the probable map distance for the
gene controlling response to PSA-C is 8 centimorgans outside HLA
(Greenberg, 1977). Although work is only in the preliminary stages,
response to PSA-A also appears to be controlled by a gene that is linked
to HLA.

3.3. Mechanisms of Response to Streptococcal Antigens

During the course of analysis of response to PSA-C, an interesting
pedigree was identified (Fig. 3) in which response was found to be
associated with the maternal C haplotype. Sib 1 (BC), a nonresponder,
expresses only HLLA-A3 of the C haplotype but is HLA-C- and D-
identical to sib 10, a responder. Sib 2 (BC/D), a nonresponder, is an
HILA-A/B recombinant expressing HLA-B18 of the maternal D haplo-
type. Sib 5 (AC), a nonresponder, is HLA-identical to sibs 4 and 6, who
are both responders. Sibs 4, 5, and 6 are mutually nonstimulatory in
mixed-lymphocyte culture (MLC). These findings raise the possibility
that recombination has occurred between HLA-D and the gene control-
ling response to PSA-C. In an effort to check this possibility, all family
members were analyzed for glyoxalase and PGM3, enzyme markers
mapping on chromosome 6 in proximity to /LA . This analysis, however,
proved uninformative, since the mother was homozygous for GLO-1 and
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AC AD
Aw28-Bw15-Cw3-Owd Aw28-Bw15-Cw3-0wd
A3-Bw22-Cwl-Dwl AW2B-Bu Cud-Dwd A1-Bell-Cx-Duf A2-BI8-Cx-
WZ0-OWIo-Lwo-Dwe -Dwli-Lx-Uwl
Ac A3-Bw22-Cwi-Dwl  A2-BI8-Cx- a0
. . Responder AC 8D

Figure 3. Pedigree of Family 41N. (AB, CD) Paternal and maternal haplotypes, respec-
tively. ((J) Male and (Q) female nonresponders.

the father was homozygous for GLO-2. Both parents were homozygous
for the same PGM3 allele. Alternative explanations for the lack of
response exhibited by sibs 1 and 5 might involve the presence of a
population of suppressor T lymphocytes or a defect in the way in which
these two sibs present antigen.

3.3.1. Cellular Interactions

a. Mixing and Transfer Studies. In an effort to investigate the
possible involvement of suppressor T cells or a defect in antigen pres-
entation in the lack of response to PSA-C by sib 5, mixing and transfer
studies were conducted between sibs 5 and 6. The inhibitory action of
suppressor cells on the response to PSA-C was ruled out, since the
addition of increasing increments of T cells from the nonresponder sib 5
to a culture containing lymphocytes from the responder sib 6 and PSA-
C failed to produce inhibition of blastogenesis (Chopyk and Greenberg,
1977). The possibility of a defect in antigen presentation was studied in
a cell-transfer system. Cells from sib 5 and sib 6 were incubated
separately in replicate glass culture vessels for 2 hr and the supernatant,
nonadherent cell suspensions removed and saved. After washing of the
adherent cell populations, which were predominantly macrophages, su-
pernatant suspensions from sib 5§ were added back to adherent cells from
sib 6 and also to cells from sib 5 as a control. In the case of sib 6, the
reverse procedure was followed; i.e., supernatant suspensions from sib
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6 were added to adherent cells from sib 5 and to cells from sib 6 as a
control. All cultures were stimulated with a standard dose of PSA-C and
assayed for their blastogenic response as previously described. Response
was found to be associated with the nonadherent cells of the responder,
sib 6, indicating that nonresponder macrophages are perfectly capable of
supporting PSA-C-induced blastogenesis in responder lymphocytes (Cho-
pyk and Greenberg, 1977).

b. Fractionation and Reconstitution Studies. Although the
transfer experiments just described strongly implicate T cells in the
response to PSA-C, fractionation and reconstitution studies were initiated
in an attempt to better define the nature of the cellular interactions.
Ficoll-Isopaque-purified PBL were fractionated by passage over nylon
wool (Handwerger and Schwartz, 1974) or by rosetting with neuramina-
dase-treated sheep red blood cells (E) (Terasaki et al., 1975) to obtain
enriched populations of T cells. Nylon-wool-enriched T cells showed no
response to PSA-C, whereas E-rosetted cells responded to some extent,
possibly due to the presence of contaminant macrophages. Addition of
macrophages to both preparations restored the blastogenic response to
PSA-C to levels seen with stimulated, unfractionated PBL. Response to
phytohemagglutinin (PHA), on the other hand, was in the same order of
magnitude as observed in unfractionated PBL, and the reactivity ap-
peared to be independent of the macrophage concentration (Chopyk and
Greenberg, 1977).

3.3.2. Serological Inhibition of Response to PSA-C

Several gene products of the / region in animal systems have already
been serologically defined (Hauptfeld er al., 1974; Dickler and Sachs,
1974; Plate and McKenzie, 1973) and have been implicated in the cellular
interactions of immune responses (Hauptfeld et al., 1974; Meo et al.,
1976; van Leeuwen et al., 1973). Although anti-Ia sera can inhibit a
number of in vitro lymphocyte functions, the precise role that Ia antigens
play in the mediation of immune function and cooperative cellular
interactions is not known. Studies from several laboratories have provid-
ed evidence for human analogues of these gene products (Greenberg et
al., 1973, 1977; Kunkel et al., 1976; Reinsmoen et al., 1978, 1979).

The availability of specific antisera prepared by planned immuniza-
tion between unrelated donors and recipients, identical or compatible at
HLA-A and -B (Ferrara et al., 1975), which appeared to contain antibod-
ies against /-region determinants, allowed the study of the effects of
these sera on the in vitro response to PSA-C (Greenberg et al., 1978).
Three antisera, Fell/17, Fel.D3/3, and Fe81/10 were studied for their
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effects on the response to both PHA and PSA-C. While all three sera
can lyse a panel of leukemic cells, only Fel.LD3/3 and Fe81/10 can block
stimulation in MLC; Fe81/10 can also block response in MLC. At a
culture concentration of 2%, both FeLLD3/3 and Fe81/10 significantly
blocked (p < 0.0005) the blastogenic response of lymphocytes from a
panel of responders to PSA-C, but had no inhibitory effect on the
response to PHA. When tested for their complement-dependent cytotox-
icity on enriched populations of T and B cells, none of the sera manifested
cytotoxicity against T cells, nor did inhibition correlate with the capacity
to lyse B cells. To put these serological findings to some perspective, I
have summarized all the pertinent data as follows: (1) Response to PSA-
C appears to be linked to HLA and involves an nonadherent cell,
presumably a T lymphocyte. (2) Response to PSA-C requires the pres-
ence of macrophages. (3) Immunological unresponsiveness to PSA-C
does not appear to be a reflection of a defect in the capacity of
macrophages to present antigen. (4) Immunological unresponsiveness
does not appear to be mediated by the action of suppressor T cells. (5)
Serum inhibition is manifest only in culture systems that require coop-
erativity with macrophages, i.e., MLC reactivity and response to antigen,
but not the response to PHA. Since the response to PSA-C requires
cooperation between macrophages and T cells and none of the sera
under study manifests complement-dependent cytotoxicity for T cells
from panel members, one is left with two alternatives to explain the
observed serum inhibitory effects. The first possibility involves the
action of a blocking antibody for a T-cell determinant that does not bind
complement. The second possibility is that inhibition is mediated by
antibody directed against a determinant expressed on macrophages,
presumably an /-region determinant. Whether or not the same presump-
tive I-region determinants are expressed on both B cells and macrophages
is not clear at this time. However, the lack of correlation between serum-
mediated lysis of panel-member B cells and inhibition of blastogenesis
suggests either that different antibodies are involved or that inhibition is
brought about by blocking determinants that are expressed exclusively
on macrophages.

Of particular relevance are studies demonstrating the ability of anti-
Ia antisera to inhibit the proliferation induced in primed T cells by
antigen-bearing macrophages in the mouse (Schwartz et al., 1976). It was
observed that anti-Ia sera blocked T-cell proliferation with all antigens
tested. However, an important exception was manifest in the case of
two antigens, (T,G)-A-L and GLT, known to be under the control of Ir-
1 loci mapping a different segments of the I region, I-A and I-C,
respectively, Inhibition of T-cell responses was achieved with antisera
directed against Ia determinants of the specific subregions; i.e., anti-I-A
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serum blocked the (T,G)-A-L response and anti-I-C serum blocked the
GLT response. Subsequently, Thomas et al. (1977), working with strain
2 and 13 guinea pigs, were able to show that T-cell proliferation could be
inhibited by antiserum directed against Ia antigens of only stimulator
macrophages. The treatment of T cells with anti-Ia serum and comple-
ment either before or after priming or both had no effect on their ability
to be primed and restimulated with the stimulator macrophages. These
authors concluded from this work that T cells primed in vitro recognize
antigen in association with Ia antigens presented by macrophages and
that T-cell Ia antigens may not be involved in the process. They do point
out, however, that T cells still exhibit histocompatibility restrictions for
the macrophage type used for initial sensitization.

These studies raise the possibility that Ir loci and Ia loci are one
and the same. These gene products, expressed on macrophages, interact
with antigen in such a way as to produce an immunogenic stimulus
capable of activating specific T-cell clones. Whether or not the
antigen-macrophage la interaction takes the form of an ‘‘altered-self”’
configuration, retains two completely discrete structures, or forms some
intermediate type of complex is not known at this time. Whatever the
case maybe, however, sufficient la structural identity must be preserved
to be recognized by anti-Ia serum and thus permit the observed inhibition
of antigen-induced T-cell proliferation.

3.4. Conclusion

Studies presented in Section 3 have dealt primarily with the eluci-
dation of genetic mechanisms that control the response to purified
streptococcal antigens. The data presented clearly indicate that in vitro
blastogenic reactivity to these antigens involves an interaction between
macrophages and sensitized T cells. In the case of PSA-C and most likely
PSA-A, response is linked to HLA haplotypes (lod score 5.36 for PSA-
C). A further indication of the involvement of the major histocompati-
bility system derives from the fact that response to PSA-C can be
inhibited by antisera directed against human /-region determinants. Since
the model under study does not include direct immunization with strep-
tococci or their products, other than by natural infection, an analysis of
specific antibody has not as yet been achieved. As a consequence, it is
not known whether the observed HLA-linked blastogenic response to
PSA-C is determined by Ir or Is genes.

In this context, it is of interest to mention that it has been our
experience that patients with rheumatic fever or rheumatic carditis, who
have had high serum titers to a number of streptococcal antigens, did not
respond to PSA-C or PSA-A stimulation in vitro. It is not clear at this
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point what the significance of this finding is in terms of either regulation
of antibody synthesis or relevance to streptococcal disease. However,
should neither of these streptococcal constituents be capable of eliciting
specific antibody, then their capacity to induce HLA-linked in vitro
blastogenesis may be a reflection of dominantly inherited Is gene control.
Although it may be premature to speculate about disease, the autoim-
mune nature of rheumatic fever and the concomitant depression of cell-
mediated immune function suggest that susceptibility to this disease may
derive from defective HLA-linked regulation of immune responsiveness.
If susceptibility is associated with immunological unresponsiveness, then
the observed HLA-linked blastogenic response in normal family members
could very well be a marker of resistance to the disease. Work is now in
progress to clarify this area.
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Clinical Histocompatibility Testing
in Renal Transplantation

Potential Keys to Alloimmune Specificity
and Reactivity

Ronald H. Kerman and Barry D. Kahan

1. Introduction

Allograft rejection is due to recipient sensitization to foreign, donor
histocompatibility antigens resulting in activation of multiple immunolog-
ical vectors of tissue destruction (Medawar, 1944; Stiller and Sinclair,
1979; Carpenter and Morris, 1979). Due to the functional reserve of the
kidney, signs of rejection are frequently evident only after extensive
damage to the allografted tissue. The clinical diagnosis of renal-allograft
rejection is based on patient symptoms and signs, namely, fever, weight
gain, swelling, pain, or hypertension. Laboratory evidences of reduced
renal function include elevated serum creatinine and blood urea nitrogen,
decreased creatinine clearance, increased albumin clearance, and lym-
phocyturia. Tissue typing and cross-matching procedures attempt to
minimize the tissue incompatibility and avert grafting into presensitized
hosts. Since the signs, symptoms, and laboratory evidences of rejection
are late events, immunological evidences of recipient activation of a
primary immune response may alert the clinician, thereby affording the
possibility for prompt initiation of immunosuppressive therapy to mini-
mize the extent of tissue damage. However, due to the variety of
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antibody and cell-mediated components of immune mechanisms docu-
mented in rejection (Busch et al., 1976, 1977) recipient immune activation
cannot always be documented. Indeed, there is no known test that is
immunologically specific, sensitive, predictive, or at least confirmatory,
and associated with few false-positive reactions.

In addition to their potential clinical import, immunological monitor-
ing tests might elucidate the antigenic specificities and host responses
determining graft rejection or acceptance. Two types of tests have been
performed pre- and posttransplantation: those that reveal specific host
antidonor reactivity and those that reflect nonspecific recipient immu-
nocompetence. The data presented herein demonstrated that whereas
specific antidonor cross-match tests are critical prior to transplantation,
nonspecific immune tests are at present more predictive or confirmatory
of rejection episodes following allografting. The apparent lack of corre-
lation between the results of tests reflecting specific antidonor reactivity
and allograft rejection may relate to: (1) the circumstance that the present
assays, which detect HL A antigens only, incompletely reflect reactivity
toward other antigenic systems critical to allograft survival; (2) relevant
determinants not being expressed on lymphocytes, the target utilized in
the donor-specific assays; (3) depletion of the vectors of antidonor
immune activity from peripheral blood due to sequestration at the actual
site of reaction, namely, the engrafted organ; and finally (4) limitations
of present in vitro technology to mimic in vivo conditions encountered
during graft rejection. Since nonspecific assays do not depend on iden-
tification or demonstration of reactivity against donor antigens, as do the
specific in vitro assays, they may reveal immunity in more situations.
Presumably, the nonspecific assays reflect fluxes in populations respon-
sive to lymphokines or mediators of allograft rejection. Also, since
nonspecific assays demand only simple technology, are reproducible,
and permit daily measurements, they are at present more useful in
monitoring allograft recipients.

2. Pretransplant Immunological Assessment

2.1. Donor-Specific Resistance

While HLA-A and -B tissue typing has proven invaluable in the
choice of the living related donor, it has had significantly less impact in
cadaveric transplantation (Dausset er al., 1974; Opelz and Terasaki,
1976; Terasaki et al., 1978; G.M. Williams, 1979). The major application
of the lymphocytotoxic antibody technique has been as a visual cross-
match to avert previous sensitization. There has been a marked reduction
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in the incidence of hyperacute rejection (Stiller et al., 1976) since the
application of this technique to detect complement-dependent cytotoxic
antibody (CDA) against donor peripheral-blood lymphocytes (PBL).
Detection of antibody in the visual cross-match is generally regarded as
an absolute contraindication to transplantation. Some recent data claim
that it is preferable to perform visual CDA cross-matches against sepa-
rated donor T and B cells at both warm and cold temperatures, to
discriminate deleterious antibodies, namely, those directed against HLA-
A, -B, and -C antigens, from potentially enhancing antibodies, possibly
directed against Ia or DRw antigens (Stiller and Sinclair, 1979; Carpenter
and Morris, 1979; Iwaki et al., 1979).

Approximately 10-20% of transplant recipients undergo early, irre-
versible, accelerated allograft rejection, a presensitized response, despite
negative visual CDA results (Collaborative report of the Scanditran-
splant, 1975). Thus, although the visual cross-match test has reduced the
incidence of hyperacute rejection, it is unable to detect a significant
number of presensitized patients (Kissmeyer-Nielson et al., 1966; G.M.
Williams et al., 1968). Therefore, in addition to the standard procedure
of matching ABO, HLA-A, -B, and DRw antigens, and of obtaining
negative visual cross-match tests, additional assays should be employed
to detect complement-dependent antibody (CDA), lymphocyte-depend-
ent antibody (LDA), K-cell activity, and lymphocyte-mediated cytotox-
icity (LMC). This battery of tests to detect antidonor immune responses
is denoted as a ‘‘comprehensive immune analysis,”” and employs chro-
mium-51-labeled donor target cells, which afford greater sensitivity.
While some investigators have failed to correlate positive pretransplan-
tation CDA, LDA, LMC, or K-cell tests with subsequent rejection
(Stiller and Sinclair, 1979), most workers note a good correlation between
early, irreversible rejection episodes and positive pretransplant donor-
specific assays (Dossetor and Myburgh, 1978; Stiller and Sinclair, 1979;
Carpenter and Morris 1979). Our retrospective blinded analysis demon-
strated the benefit of a pretransplant comprehensive study: pretransplant-
positive LDA, LMC, or CDA tests correlated with occurrence of accel-
erated rejection episodes and graft loss.

Method of Comprehensive Immune Analysis. Donor target cells
obtained from peripheral blood or lymph nodes are purified on a
Ficoll-Hypaque gradient, washed in Dulbecco’s phosphate-buffered sa-
line (PBS), pH 7.3, and brought to a final concentration of 5-10 x 108
cells/ml in medium and incubated with 50—400 mCi/ml of radioactive
Na,5!CrOs(AmerSham/Searle). Following a 30-min incubation, cells are
washed three times, resuspended, and adjusted to 10%ml for targets in all
assays. In the LMC test, potential recipient lymphocytes serve as
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effectors to kill donor target cells in the absence of complement. For the
assay, 10° recipient effector cells (200 wl) are incubated with 25 x 10°
donor 3'Cr-labeled target cells (25 ul) and 25 ul media in round-bottom
Linbro microtiter tray wells in triplicate for 4 hr at 37°C. Thereafter,
they are centrifuged at 500g for 5 min; 200 ul of supernatant is carefully
withdrawn into a plastic tube for measurement in a gamma counter to
determine mean test counts per minute (cpm). Negative controls consist
of 25 x 10° labeled target cells incubated with 10 unlabeled target cells
and medium to determine spontaneous chromium release. Positive con-
trols consist of targets incubated with citrimide, a penetrant leading to
osmotic lysis of the cell. The experimental test mean cpm are converted
to the percentage 5!Cr release by the following equation:

Test cpm — spontaneous cpm
Citrimide cpm — spontaneous cpm

x 100

Tests resulting in 8% release greater than controls are considered posi-
tive.

The CDA is performed using potential recipient sera demonstrated
to contain cytotoxic antibodies by screening against a 100-cell panel, as
well as the most recent serum sample. To determine the specificity of
recipient antibody, samples are preabsorbed with donor platelets or
lymphocytes or both, and assayed against target cells. In addition,
autolymphocytotoxic reactions are excluded by autologous absorptions
of the recipient’s sera with his own lymphocytes or platelets or both. For
the test, 25 ul serum is mixed with 25 ul of labeled target cells (25 x 103
PBL) and 25 ul rabbit complement. Following a 4-hr incubation at 37°C,
the reaction is terminated by adding 200 ul cold medium. The trays are
centrifuged and 200 ul supernatant counted in a gamma well apparatus.
A positive immune control using antilymphocyte sera is incubated with
target cells. The percentage 5'Cr release is calculated as above by
comparing release in the presence of unabsorbed and absorbed sera.

The LDA assay detects the binding of patient antibody to donor
targets by the capacity of normal K lymphocytes to trigger lysis of coated
cells. For the test, 25 ul of target cells (25 x 103 cells) are incubated with
25 ul of unabsorbed or platelet- or lymphocyte-absorbed recipient serum
at 37°C for 30 min; 10° normal effector cells are added for a 4-hr further
incubation at 37°C. The percentage 3'Cr release is calculated as described
above. In addition, an assay is performed to quantitate the recipient K-
cell activity as effectors in the LLDA test. The test is performed as
described for the LDA, except that the targets (25 x 10? cells in 25 ul)
are preincubated with a known positive antibody, ALS (25 ul), and 200
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ul (10%) recipient effector cells. Patient >'Cr release is compared to that
obtained in parallel tests using a panel of effector K-cell populations.

The results of our retrospective study are seen in Tables 1 and 2.
Table 1 reveals a positive correlation (» < 0.001) between the presence
of LDA in pretransplant, platelet-absorbed sera from 13 patients suffering
from accelerated rejection compared to 17 patients not displaying this
phenomenon, namely, 5 acute, 5 chronic, and 7 no rejection. Since LDA
activity was present after platelet absorption of the sera, the LDA
reactivity appeared to be directed against alloantigens other than HLA-
A, -B, or -C. Table 2 shows the correlation (p < 0.01) between elevated
pretransplant K-cell activity against antibody-coated donor cells and
accelerated rejection.

Following this retrospective study, an initial ‘‘blinded” series of
allografts was performed. The LDA, CDA, LMC, and K-cell results
were not considered in the choice of transplant recipients. However, the
occurrence of two positive pretransplant immune comprehensive tests
(one LMC and one LLDA), both attended by accelerated rejection and
graft loss, led to the termination of the double-blinded series after 12
cases. None of the 10 patients who had displayed negative cross-match
tests experienced accelerated rejection (p < 0.01).

TABLE 1. Correlation of the
Presence of LDA in Pretransplant
Sera with Accelerated Rejection?

Accelerated Nonaccelerated

Finding rejection rejection
+ LDA 13 1
— LDA 0 16

¢ Correlation: p < 0.001.

TABLE 2. Correlation of Pretransplant K-Cell
Activity with Accelerated Rejection

Accelerated  Nonaccelerated

Finding rejection® rejection p Value®
+ K cell 7 22

< 0.01
— Kcell 0 30

% Accelerated rejection with graft loss in 2 weeks.
b Chi-square analysis of accelerated vs. non-accelerated rejec-
tion.
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Table 3 shows the prospective cross-match data of a patient who
underwent renal transplantation and had excellent initial graft function.
However, at the Sth postoperative day, accelerated rejection appeared,
requiring transplant nephrectomy on the 8th postoperative day. Histolog-
ical examination revealed hemorrhagic and ischemic damage. The results
of the prospective, blinded cross-match revealed negative CDA and LDA
results, but a positive (81%) 3'Cr release from the donor targets, but not
from third-party or self targets, in the LMC assays, a finding consistent
with those reported by Garovoy et al. (1973a). These data suggest that
a positive pretransplant immune comprehensive test is a contraindication
to allografting. However, a negative result on this battery does not
guarantee immunological virginity toward the allograft donor.

New antigen systems expressed on human endothelial cells have
been recently described. The endothelial antigens differ from previously
known HLA antigens, as well as the Ia-like antigens on B lymphocytes.
Stastny and co-workers (Moraes and Stastny, 1977) described a cytotox-
icity assay using blood monocytes, which appear to share the antigenic
determinants with endothelial cells. Cerilli et al. (1977) detected presen-
sitization to antigens on endothelial cells using an immunofluorescence
assay. Thus, endothelial antigens may constitute a new system of human
allodeterminants that should be subjected to pretransplant matching and
cross-matching.

2.2. General (Nonspecific) Host Immune Competence

Of the many factors other than histocompatibility that influence the
outcome of cadaveric allograft survival, the level of recipient immuno-

TABLE 3. Prospective Cross-Match Data in a Patient
Experiencing Accelerated Rejection

Recipient  Recipient

System lymphs serum Target 51Cr (%)

LMC + None Donor 81
+ None Third-party 2

+ None Recipient 12.2
CDA None + Donor 33
None + Third-party 20

None + Recipient N.D.
LDA® + + Donor 18
+ + Third-party 5
+ + Recipient 17

2 LDA was performed with an effector pool, since the recipient
was LMC-positive.
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competence may be the most important. The hypothesis that a given
recipient has a genetically inherited capacity for immune responsiveness
toward antigens has been proven in animal models (Katz et al., 1970a,b;
R.M. Williams and Benacerraf, 1972). Thus, groups of animals are
normal, hypo- or hyperresponders to given antigens. Of interest is the
fact that the immune-response genes are inherited in linkage dysequili-
brium with the major histocompatibility complex (MHC). Preliminary
data suggest that this concept may apply to human allograft recipients.
Graft survival in chronic renal failure patients appears to correlate with
pretransplantation results of an immune profile consisting of nonspecific
parameters, namely, total T and active T-rosette-forming cells (T-RFC)
(Kerman et al., 1977) or cutaneous hypersensitivity to microbial antigens
and sensitization to dinitrochlorobenzene (DNCB) (Rolley et al., 1978).
Renal-failure patients who failed to display recall to microbial antigens
or primary sensitization to DNCB had significantly prolonged allograft
survival compared to responsive individuals (p < 0.01) (Rolley et al.,
1978). Patients with a low percentage of active T-RFC (A-T-RFC) prior
to transplantation had 83% 1-year graft survival compared to 50%
survival in individuals with a higher percentage of A-T-RFC (Kerman et
al., 1977). Thus, strong immune responders have a poorer chance of 1-
year graft survival independent of the degree of HLA compatibility. The
concept that immune responsiveness correlates with graft survival,
irrespective of HLA, may have important implications not only for
patient selection but also for tailoring immunosuppressive regimens. For
example, transplantation might be restricted to patients who are weak
responders. Alternatively, high-responder individuals might be particu-
larly selected for intensive immunosuppressive therapy with antithymo-
cyte globulin (ATG), total body or nodal irradiation, or newer modes of
nonspecific chemical suppression (Rapaport ef al., 1972, 1979; Cosimi et
al., 1976; Strober et al., 1979; Starzl et al., 1979; Salaman and Miller,
1979).

We have developed a pretransplant battery of tests to identify weak
responders likely to have prolonged graft survival. The duration of
cadaveric allograft survival in chronic-renal-failure patients correlated
with values below the median in percentage of A-T-RFC, in cpm
[*H]thymidine incorporated during spontaneous blastogenesis or during
mixed-lymphocyte response (MLR) to a stimulation panel of three to five
unrelated donors, and to a negative recall response to antigens eliciting
cutaneous hypersensitivity to purified protein derivative, mumps, Strep-
tokinase-Streptodornase, dermatophytin, and dermatophytin-O.

Method of Nonspecific Immune Analysis. Briefly, peripheral-blood
lymphocytes (PBL) are separated on a Ficoll-Hypaque gradient, washed
in Dulbecco’s phosphate buffered saline (PBS), pH 7.3, and brought to
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a final concentration of 2 x 10° PBL/ml in PBS. For the total T-RFC
assay, 0.25 ml (5 x 105> PBL) are mixed with 0.25 ml 0.5% washed
unsensitized sheep red blood cells (SRBC), centrifuged at 200g for 5 min
at room temperature, and then incubated in an ice-water bath (4-8°C)
for 60 min. After the cell pellets are gently resuspended, a drop of the
suspension is placed onto a hemocytometer. The number of rosettes
(three or more SRBC surrounding a lymphocyte) are counted. All tests
are performed in duplicate; 200 or more PBL are counted to determine
the percentage of total T-RFC. For the A-T-RFC, 0.25 ml (5§ x 10° PBL)
is mixed with 0.25 ml 0.5% washed unsensitized SRBC and centrifuged
at 200g for 5 min at room temperature. Cell pellets are gently resuspended
and the A-T-RFC counted immediately (without a 60-min 4-8°C ice-
water incubation). For the in vitro studies of PBL stimulation with
phytohemagglutinin (PHA), concanavalin A (Con A), pokeweed mitogen
(PWM), or alloantigen stimulation in a panel MLR, PBL are isolated
and brought to a concentration of 1 x 10 PBL/ml. For the assays, 1 x
10°> PBL in medium (RPMI 1640, glutamine, pen/strep, Hepes, and 15%
inactivated AB plasma) are seeded into microtiter plate wells and
incubated with either three concentrations of each mitogen or with 1 x
10° donor-panel stimulation cells (previously inactivated with mitomycin-
O) in triplicate in a humidified chamber containing 95% air and 5% CO,
at 37°C for 96 hr. The lymphocyte response to stimulation is determined
by measuring the incorporation of [*H]thymidine into DNA. At 18-24 hr
before the cultures are harvested, 1 wCi [*H]thymidine (specific activity
48 Ci/mM, ICN) is added to each well. Incubations are terminated using
a Multiple Automatic Sample Harvester (MASH); [3H]thymidine incor-
poration is measured by liquid scintillation counting. Results are ex-
pressed as counts per minute (cpm). Spontaneous blastogenesis (SB) is
performed in triplicate by adding 50 ul [*H]thymidine (specific activity
48 Ci/mM) to 50 ul heparinized whole blood diluted with 200 ul medium.
The mixture is incubated for 2 hr at 37°C in a 5% CO, incubator prior to
harvesting using a MASH unit. The filter strips are dried and counted in
a liquid scintillation system.

Skin-test antigen responses are elicited by intradermal inoculation
of 0.1 ml dermatophytin (1:30), dermatophytin-O (1:100) (Hollister-Steir
Labs), Streptokinase-Streptodornase (50 units SK/SD, Lederle Labs),
mumps (Eli Lilly and Co.), and intermediate-strength tuberculin antigen
(Parke, Davis and Co.). Reactions are measured at right angles (mm) at
24 and 48 hr for the average dimension of induration and erythema.
Induration greater than 5 mm is considered positive. DNCB was used as
a nonspecific measure of leukocyte mobilization by observing the spon-
taneous flare reaction that occurred at the application site. Doses were
2000 wg to the upper arm and 50 ug to the forearm. A flare after 14 days
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was scored 4+ at the 2000-ug site only, 3+ at the 50-ug site only. If
neither site developed a flare after 14 days, a challenge of 50 ug was
applied to the opposite forearm. A cutaneous hypersensitivity reaction
at this new site within 48 hr was scored as 2+. An equivocal reaction
that required biopsy for confirmation counted 1+ if the histological
features of delayed cutaneous hypersensitivity were seen. In practice,
reactions of 4+ or 3+ were considered normal and positive; below these
values, abnormal or negative to DNCB without further testing (Kerman
and Stefani, 1976; Kerman et al., 1979).

The median values for the pretransplant immunological assessment
among 41 cadaveric renal allograft recipients were: 55% total T-RFC,
34% A-T-RFC; 12,079 cpm SB, 21,470 cpm (or 5.7 stimulation ratio) on
panel MLR; 103,725 cpm response to PHA, 77,030 cpm response to Con
A, and 134,249 cpm response to PWM. Patients were considered positive
responders if they reacted to one or more microbial antigens or positively
to DNCB. Prolonged graft survival correlated with patients having
pretransplant values below the group median for three of the four in vitro
immune assessment tests: A-T-RFC less than 34% (p < 0.05); in vitro
lymphocyte SB less than 12,079 cpm (p < 0.01); panel MLR less than
21,470 cpm (p < 0.01), and negative response to all microbial skin-test
antigens (p < 0.04) (Table 4). De novo response to DNCB, percentage
total T-RFC, and lymphocyte response on stimulation with mitogens
were not prognostic of graft survival.

Patients with strong pretransplant immune responses in the four
relevant tests displayed an earlier onset of rejection, reduced mean
survival time (MST), and requirement for larger steroid doses to dampen
rejection events (Table S5). It is of interest that a preliminary study of

TABLE 4. Mean Survival Time of 41 Cadaveric Renal Allografts Based
on Pretransplant Nonspecific Immune Assessment

Assay MST (days)® p Value®

Active T-rosette-forming cells (%) < 349%° > 34%°¢

228 + 68 100 = 69 < 0.05
Spontaneous blastogenesis < 12,079 cpm® > 12,079 cpm°®

255 + 36 70 = 61 < 0.01
Panel mixed-Lymphocyte response < 21,470 cpm¢ > 21,470 cpm®

255 = 47 78 + 51 < 0.01
Microbial skin-test antigens Anergic Positive?

239 + 42 115 = 41 < 0.04

@ Mean survival time in days + S.D.

> Data were analyzed by the two-tailed Wilcoxon test.

¢ Median value for the test.

@ Positive response to one or more microbial skin-test antigens.
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TABLE 5. Cadaveric Graft Survival Based on Pretransplant Immune
Response?

Immune response

Finding Weak® Strong p Valuec
Mean survival time (days) 386 = 78 111 + 86 < 0.01
Number of rejection episodes (first 30 days) 1.1 £ 0.4 1.5 = 0.28 N.S.
Day of rejection onset 17 £ 4.9 8.5+7.0 < 0.05

Mean grams Solu-Medrol/PT (first 30 days) 445 £1.05 6.65* 2.6 < 0.05

¢ Data are presented as means + S.D. There were no significant differences in HLA mismatches

between groups.
b Weak responses: < 34% A-T-RFC; (-) skin tests; low SB; low panel MLR.

¢ Two-tailed Wilcoxon test.

equine antithymocyte globulin [(ATG) UpJohn Co.] (used as an adjunc-
tive immunosuppressive drug) revealed the drug to have a marked effect
to prolong the survival of grafts in patients with strong pretransplant
immunocompetence to survival times displayed by weak responders,
who showed no benefit of drug treatment (Table 6).

3. Posttransplantation Immunological Assessment

3.1. Donor-Specific Immune Monitoring

The raison d’étre of immune monitoring is twofold: first, to establish
or confirm the diagnosis of rejection; second, to provide evidence for
initiation of early intensified immunosuppressive treatment in an attempt
to improve the prognosis of rejection, particularly if instituted prior to

TABLE 6. Renal Allograft Mean Survival Time (Days) Based on
Pretransplant Immune Parameters: ATG Study

Patients

Assay Non-ATG ATG  p Value®

Microbial skin test? + 115 207 < 0.05
- 239 217 N.S.

Active T-rosette-forming cells (%)° > 34% 100 208 < 0.05
< 34% 228 228 N.S.

Spontaneous blastogenesis® > 12,079 cpm 70 154 < 0.05
< 12,079 cpm 225 267 N.S.

@ Data were analyzed by the two-tailed Wilcoxon test.
b Patients were considered positive responders if they reacted to one or more microbial skin-test

antigens.
¢ Median value of 34% A-T-RFC and 12,079 cpm SB.
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clinical evidences of rejection, which represent a late point in the
temporal course of events (Kerman and Geis, 1978). Immunological
monitoring assays may be important probes, since initial activation of
immunocompetent cells probably precedes full expression of a rejection
crisis by days to weeks.

The correlation of posttransplant measurement of complement-de-
pendent antibody (CDA), lymphocyte-dependent antibody (LDA), lym-
phocyte-mediated cytotoxicity (LMC), and K-cell reactivity against 3'Cr-
labeled donor target cells and rejection is controversial. A positive CDA
against donor targets has been associated with rejection and a poor
prognosis (Stiller et al., 1976; Gailiunas et al., 1978). However, in some
cases the CDA remains positive long after the rejection episode is over,
and has therefore been suspected to be of little clinical significance
(Stiller et al., 1976). Some workers report positive CDA and LDA
reactions during rejection in the absence of LMC reactivity (Gailiunas et
al., 1978; Stiller and Sinclair, 1979; Carpenter and Morris, 1979). There
are reports of an excellent correlation between LMC and rejection
(Garovoy et al., 1973a; Stiller et al., 1976). In fact, positive LMC assays
have been claimed to predict impending rejection, although other workers
disagree (Kovithavongs et al., 1978). These differences may be due to
the variable use of mitogen-stimulated vs. nonstimulated target cells, and
of long (16-hr) vs. short (4-hr) incubation periods, which may result in
false-positive and false-negative test results (Kovithavongs et al., 1978).
There is considerable disagreement concerning the association between
LDA and rejection. Some reports show no correlation, others a degree
of association with the absence of rejection, and still others a strong
association with the presence of rejection (Gailiunas et al., 1978; Kovi-
thavongs et al., 1978; F. Thomas et al., 1978, Stiller and Sinclair, 1979;
Carpenter and Morris, 1979). Some investigators suggest that a positive
LDA reflects a state of immune enhancement (Descamps et al., 1975;
Kovithavongs et al., 1978). On the other hand, it has been claimed that
positive LDA tests are associated with chronic rejection in long-surviving
renal allografts (d’Apice and Morris, 1974; J. Thomas et al., 1976). The
discordant results may be due to the lack of comparable techniques
among laboratories. Unfortunately, too few of the studies specify whether
or not the antibody was absorbable with platelets, a possible differential
index of various biological effect (Table 7).

Preliminary results in our initial group of 47 patients who experi-
enced 63 rejection episodes during the first 30 postoperative days did not
clarify the relationship between donor-specific immunity detected in vitro
and in vivo rejection. A total of 97 batteries of LDA, CDA, LMC, and
K-cell assays were performed against donor targets. If at least one of the
four tests was positive, the patient was considered to be immune. The
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TABLE 7. Posttransplant Donor-Specific Assays
. Correlation with
Assay Target?® Incubation rejection Reference
CDA DSpC PHA 3'Cr 4 hr Good Stiller et al. (1976)
DSpC 3'Cr 2 hr Good; however, CDA Gailiunas et al. (1978)
was detected in the
absence of rejection
in some cases.
DPBL or SpC PHA 3'Cr 4 hr Good Kovithavongs et al. (1978)
LDA DPBL or SpC *'Cr 4-6 hr Poor Kovithavongs et al. (1978)
DPBL or SpC PHA 3'Cr 4 hr Associated with absence  Stiller et al. (1976)
of rejection
DPBL or SpC *'Cr 4 hr Good Gailiunas et al. (1978)
DSpC PHA 5'Cr 4 hr Good F. Thomas et al. (1978)
LMC DPBL 3'Cr 4 hr Good Garovoy et al. (1973a)
DSpC PHA 5'Cr 16-18 hr Good (predictive of Gailiunas et al. (1978)
rejection)
DPBL or SpC PHA 3'Cr 4 hr Not good Kovithavongs et al. (1978)
DPBL or SpC *'Cr 18 hr Good, but not predictive  Kovithavongs et al. (1978)

of rejection

2 (D) Donor; (SpC) spleen cell; (°'Cr) target cell labeled with 3'Cr; (PHA) PHA-treated donor target
cells; (PBL) peripheral-blood lymphocytes.

positive reaction was considered to correlate with rejection if it was
observed 5 days before or after a clinical episode (Table 8). There were
38 positive and 56 negative batteries. A positive response in one donor-
specific assay correlated with rejection in 28/38 (74%) of instances.
However, 32 other donor-specific batteries were completely negative
during documented rejection episodes. These apparently false-negative
tests may be due to (1) mediation of rejection by immune elements
present in peripheral blood but not reflected by these assays; (2) the
transient presence of elements immunoreactive in these tests at times
other than during the performance of the assays; or (3) rapid depletion
of reactive elements by absorption to or consumption within the graft.

TABLE 8. Lack of Correlation of Positive Donor-Specific
Immune Assays and Rejection

Comprehensive immune response®

(+) )
Rejection? 28 32
No rejection 10 24 P > 0.5

@ A (+) comprehensive immune response refers to any one or more of the four
donor-specific assays being positive (LDA, CDA, LMC, or K cell).

® A total of 63 rejection episodes were observed, but no immune testing was
done during 3 of the rejections.
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There were 10/38 positive assays unassociated with documented rejec-
tion, suggesting a 26% rate of false-positive tests. Of the 10 false-positive
batteries, 7 were associated with the presence of CDA, possibly reflecting
cold B (protective) antibody (Iwaki et al., 1979). Chi-square analysis of
the raw data did not suggest a significant correlation (p > 0.5) between
the detection of donor-specific responses in vitro and allograft rejection
in vivo (Table 8).

Other tests have been reported to reflect specific host antidonor
activity, including: the leukocyte aggregation test, which measures host-
cell adherence to donor-kidney-cell targets; the mixed-lymphocyte cul-
ture (MLC) responses, measuring proliferation by host cells; release of
migration-inhibition factor (MIF) a lymphokine from sensitized cells;
presence of warm B-cell antibodies; and finally elicitation of delayed
cutaneous hypersensitivity following intradermal challenge of renal allo-
graft recipients with soluble donor-type antigen.

Adherence of sensitized lymphocytes to target cells is a prerequisite
for cellular cytotoxicity (Wilson, 1965). Utilizing this principle, Kahan
and co-workers (Tom et al., 1974; Kahan et al., 1974, 1975) applied a
leukocyte adherence test (LAT) to detect emergence of cellular immunity
in renal-transplant patients. The assay sought immunospecific adherence
and aggregation of recipient leukocytes onto cultured donor kidney cells.
Recipient peripheral-blood leukocytes were reacted with donor kidney
cells maintained in tissue culture. Immune adhesion of recipient immu-
nocompetent lymphocytes onto donor targets induced clumping of other
leukocytic cells. In the absence of immunoreactive lymphocytes, leuko-
cytes uniformly spread over the culture. The LAT is a rapid, specific test
requiring only small amounts of patient material. It has been shown to
(1) diagnose rejection episodes 2—15 days before patients display clinical
or chemical signs of rejection; (2) differentiate between rejection and
other causes of graft failure; (3) detect host presensitization by specific
reactivity toward a battery of kidney targets; and (4) predict sensitivity
to bolus methylprednisolone therapy. The drawbacks to the LAT assay
are the requirement for tissue-culture technology and the limited amount
of available donor material, precluding daily tests.

When lymphocytes from two individuals incompatible at the MHC
are coincubated in an MLC, they undergo proliferation (Bain and
Lowenstein, 1964). If donor lymphocytes are prevented from undergoing
division, by the use of a metabolic inhibitor such as mitomycin C, they
become pure stimulator elements allowing one to assess the degree of
cell division, and presumably histoincompatibility, by ‘‘responder’’ re-
cipient cells (Bach and Voynow, 1966). Thus, proliferation in a one-way
culture is the positive response, reflecting recipient recognition of dis-
parate antigens. Several investigators have reported that long-term pa-
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tients with excellent renal function are specifically unresponsive to donor
but normally responsive to third-party control cells in one-way MLC
(Garovoy et al., 1973b; Suciu-Foca et al., 1974).

Miller and colleagues (Hattler et al., 1972; Miller et al., 1973)
reported in both dogs and man that recipient peripheral blood lympho-
cytes (PBL) displayed decreased ML.C reactivity at the time of allograft
rejection. They attributed this paradoxical observation to entrapment of
immunoreactive cells in the graft, and thus out of the circulation that is
sampled for the test. Resolution of the rejection episode was accompanied
by reappearance of MLC-responsive cells. Unfortunately, this hypores-
ponsiveness was not diagnostic of rejection, since it was present during
cytomegalovirus infection and obscured by production of a cytophilic
antibody that blocked recognition by responding cells (Miller et al.,
1976). In a retrospective correlative study, Stiller et al. (1976) performed
MLC reactions between lymphocytes of cadaveric recipients and stimu-
lating cells from donor spleen. There were 17 positive and 10 negative
MLC responses at the time of rejection; there were 16 positive and 16
negative MLC responses in the absence of rejection.

While the MLC is not useful to predict the onset of rejection, it may
contribute to an understanding of host adaptation to allografts. The
presence of humoral factors that block MLC reactions may be associated
with a favorable posttransplant course (Miller et al., 1975, 1976; Rashid
et al., 1975). Miller and colleagues tested the stimulatory capacity of
donor cells with third-party cells in an MLC in the presence and absence
of recipient serum. The presence of a high-avidity, cytotoxic antibody in
recipient serum was associated with a rejection episode. On resolution,
this immune response evolved to an antibody that blocked MLC activity
and could be removed by washing the cells (Rashid et al., 1975). Since
other studies have suggested that MLC-blocking factors are associated
with acute and with chronic rejection episodes (Buda et al., 1975), the
clinical significance of blocking factors is uncertain.

Recently, Miller et al. (1978) utilized the ‘‘secondary MLC’’ reaction
[primed MLC or primed-lymphocyte test (PLT)] for immune monitoring
posttransplantation. To perform a secondary MLC, recipient cells are
initially cultivated with donor cells for 9 days, then exposed to fresh
donor cells and pulse-labeled at 48 hr. An accelerated, secondary MLC
response, detected by high levels of [*H]thymidine incorporation at this
early time, was associated with rejection. In contrast to the one-way
MLC, the secondary MLC assay did not appear to be affected by viral
infection. However, the test is not clinically useful for the prospective
diagnosis of rejection, since it requires 12 days to perform.

In the presence of specific antigen, sensitized lymphocytes release
lymphokines including MIFs (Phillips et al., 1972). Tests that detect MIF
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depend on the observation that leukocytes tend to migrate spontaneously
unless inhibited by the presence of this lymphokine. The assays observe
the emigration from a capillary tube onto a flat surface of either recipient
leukocytes admixed with donor antigen (Falk et al., 1972) or indicator
guinea pig macrophages exposed to the supernatant generated by the
interaction of recipient lymphocytes with donor antigen. Extracts of
donor kidney, spleen, neonatal kidney, or PBL (David et al., 1964;
Weeke et al., 1970; Dormont et al., 1972; R.J. Williams et al., 1974)
have been used as antigen sources. Regardless of the methodology or
source of the antigen, the results have been remarkably consistent. MIF
release either accompanies or precedes 80-90% of acute rejection epi-
sodes, with few false-positive or false-negative results (Weeke et al.,
1970; R.J. Williams et al., 1974).

Recently, Iwaki et al. (1979) suggested that antibodies directed
against antigens on donor B cells are more important than those on T
cells. Early graft failure was associated with the presence of anti-B-cell
antibodies more frequently than with the presence of anti-T-cell antibod-
ies: of 26 graft failures, 22 had positive anti-B donor-specific reactions,
while only 4 of 31 patients with functioning grafts displayed such
antibodies (Soulillon et al., 1979). The presence of B warm (37°C)
antibodies was related to rejection in 6 out of 6 cases, while B cold (5°)
antibodies were not (Iwaki et al., 1979). However, other workers report
that anti-B-cell antibodies are common in patient sera posttransplantation
regardless of the clinical outcome (Carpenter and Morris, 1979). Further
analysis of the nature, specificity, and distribution of B-cell antibodies
detected by dye exclusion is clearly needed to assess their relevance to
allografting.

Kahan er al. (1973) reported that specific cutaneous hypersensitivity
can be elicited in transplanted patients by intradermal challenge with
soluble donor HLA-type antigens. Specificity of immune reactions for
HLA A2 and A3 was demonstrated by cross-challenge tests: only
allograft recipients challenged with soluble antigens prepared from a
lymphoblastoid line that contained disparate donor specificities elicited
delayed cutaneous hypersensitivity reactions. Further, the corresponding
soluble antigen specifically inhibited the cytotoxic reaction of recipient
alloantibody in vitro. Since transplantation antigens are the focus of the
host’s response, soluble donor antigen may afford an immunological
probe to dissect patient reactivity. The application of this assay as a
cross-match test would require appropriate soluble donor antigen re-
agents prior to transplantation, an impossibility at present due to the 72-
hr period required to prepare, administer, and observe the effects of the
soluble material compared to the currently limited time of organ storage.
Furthermore, immunological monitoring by repeated skin-testing of renal-
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allograft recipients to detect specific antidonor responses is probably not
practical, since it might promote host sensitization. However, donor-
specific soluble antigens might be useful for in vitro immune monitoring
(Kerman et al., 1978).

Thus, although donor-specific assays should potentially provide the
most incisive information about the mechanisms of allograft rejection
and the prognosis of the host response, these tests are at present of
limited utility. First, the requirement for tremendous quantities of recip-
ient blood restricts the frequency of assays to weekly or biweekly. This
problem is exacerbated in lymphopenic patients, particularly those treat-
ed with antilymphocyte serum. Second, the number of obtainable, viable
donor lymphocytes, particularly from cadaveric sources, is limited.
Third, the assays do not always reflect in vivo events. There is a high
incidence of false negatives, possibly due to compartmentalization of
recipient immune cells or antibodies in the graft. In this regard, it would
be of interest to perform the tests with fresh urinary lymphocytes as
effectors. Furthermore, rejection episodes occurring in the presence of
false-negative reactions might reflect recipient reactivity against organ-
specific antigens not present on indicator donor lymphocytes. Therefore,
at present, evaluation of nonspecific reactivity, rather than specific
antidonor reactivity, represents a more feasible approach to detect in
vitro correlates of in vivo immune events in allograft recipients.

3.2. Nonspecific Immune Monitoring

Two nonspecific immunological monitoring assays appear to detect
emerging host reactivity: enumeration of the percentage active T-rosette-
forming cells (A-T-RFC) and measurement of spontaneous blastogenesis
(SB) (Hersh et al., 1971; Kerman and Geis, 1976, 1978; Morris et al.,
1978; Kerman et al., 1979). Since cellular allograft rejection is probably
mediated by T cells, numerous investigators have monitored their num-
bers (Kerman and Geis, 1976, 1978; Buckingham et al., 1977; Thomas et
al., 1978). Two T-cell populations can be identified on the basis of their
differential ability to bind sheep red blood cells (SRBC) in rosette
configurations (Wybran and Fudenberg, 1973; Fudenberg et al., 1975;
Kerman et al., 1976). Total T-RFC are enumerated after incubation of
PBL and SRBC in an ice-water bath for at least 1 hr. The total T-RFC
presumably represent all T cells in the peripheral blood. A second
population, termed the active T-RFC (A-T-RFC), is detected by rosette
formation immediately after incubation of PBL and SRBC. The A-T-
RFC has been proposed to be a subpopulation of the total T-RFC with
surveillance properties more closely reflecting cell-mediated immune
events than the total T-RFC (Wybran and Fudenberg, 1973; Fudenberg
et al., 1975; Kerman and Stefani, 1976; Kerman and Geis, 1978).
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There have been contradictory reports of the diagnostic value of the
total T-RFC after renal transplantation. F. Thomas et al. (1978) claimed
a good correlation between high levels of total T-RFC and acute rejection
episodes: more than 80% of recipients demonstrating acute rejection had
a total T-RFC level above 20% of normal (360 T-RFC/mm3). In contrast,
the majority of patients not having acute rejection appeared to have total
T-RFC levels below 20%. These authors claimed that when the total T-
RFC levels were maintained below 20% in the early post-cadaveric-
transplant period, acute rejecion was a rare event. In 85% of cases, they
found the onset of acute rejection to be heralded by a rise in the level of
total T-RFC. However, T-cell levels also rose above 20% in the absence
of acute rejection, especially after the first transplant month. Buckingham
et al. (1977) failed to confirm these findings.

An evaluation of total T and A-T-RFC levels in transplant recipients
by Kerman and Geis (1976, 1978) demonstrated no association between
rejection episodes and total T-RFC, but a good correlation with a
decreased percentage of A-T-RFC. The absolute numbers of either T-
cell population did not discriminate rejection; rather, the important index
was the degree of change. In a recent report applying the same tests at
an entirely different transplant center, Kerman et al. (1979) confirmed
the diagnostic value of serial monitoring of A-T-RFC in renal-allograft
recipients. Clinically apparent rejection episodes were always associated
with decreased A-T-RFC. Episodes of decreased A-T-RFC, which were
not associated with clinically apparent rejection episodes and might
therefore have been interpreted as false-positive reactions, were usually
associated with increased spontaneous blastogenesis (SB) and impaired
renal handling of radionuclides, two sensitive measures of modest,
subclinical events. All patients subsequently experienced clinically evi-
dent rejection episodes within 5—10 days.

The nonspecific A-T-RFC assay is easy to perform on a daily basis,
since it does not require donor cells or large volumes of recipient blood.
The decrease in A-T-RFC prior to the onset of a clinically detected
rejection episode presumably reflects specific host anti-donor-T-cell im-
mune sensitization, leading to the release of lymphokines that attract and
hold T cells in the attack on the end organ. Alternatively, donor
alloantigens may activate T-RFC, causing increased expression or activ-
ity of the T-RFC receptor and resulting in active emigration of these
cells from the peripheral blood to recognize and attack the renal allograft
(Kerman et al., 1978).

The SB activity of peripheral blood mononuclear cells from renal-
allograft recipients presumably reflects the presence of circulating blas-
toid cells possibly due to an in vivo mixed-lymphocyte response on
allogeneic stimulation. Transformed blasts capable of incorporating thy-
midine appear in the lymph draining transplanted kidneys. Significant
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increases in DNA or RNA synthesis occur prior to, or concomitant with,
clinical signs of rejection in both renal and cardiac transplantation (Hersh
et al., 1971; Morris et al., 1978). The studies presented herein confirm
the prognostic value of the SB test (Kerman et al., 1979).

The two nonspecific immune monitoring assays, A-T-RFC and SB,
were used to monitor patients thrice weekly after renal allotransplanta-
tion. The immune parameters were correlated with: (1) glomerular and
tubular function tests and (2) serial measurements of kidney function by
radionuclide  studies of glomerular function utilizing
[**mTc]diethylemetriaminepentaacetic acid (DTPA) and of tubular func-
tion with [***I]Hippuran. The radionuclide studies were processed using
an MDS-Trinary 32 K computer and graded on a scale of 30 to yield
kidney/aorta ratios (normal = 5, score = 0.8), kidney/background DTPA
concentration ratios (normal = 5, score = 3.0), DTPA bladder-appear-
ance time (normal = 5.0, score = < 4.49 min), Hippuran kidney/
background ratio (normal = 5, score = > 3.5), Hippuran bladder-
appearance time (normal = 5, score = < 4.49 min), and peak Hippuran
renogram (normal = 5, score = < 4.49 min). Immunological and
radionuclide studies were performed and interpreted blindly by individ-
uals unaware of the patient’s clinical course.

The following sequence of events was consistently observed in 63
acute cellular rejection episodes (no hyperacute rejections occurred)
displayed by 47 renal allograft recipients during their first 30 postopera-
tive days: (1) an initial immediate increase in SB and decrease in A-T-
RFC following transplantation surgery; (2) an increase in SB prior to
(76%) or at the same time as (24%) clinical evidences of rejection; (3) a
decrease in A-T-RFC concomitant with or shortly after increased SB; (4)
a decrease in SB and increase in A-T-RFC with resolution of rejection.
Clinically apparent rejection episodes were significantly associated (p <
0.01) with abnormal radionuclide studies of kidney function, that is, a 5-
to 6-point (or 25%) decrease in the combined computer-analyzed scores.
The results of the immunological and radionuclide monitoring displayed
an excellent correlation (p < 0.001) with graft rejection.

During the first 30 postoperative days of 47 renal allograft recipients
who experienced 63 acute rejection episodes, there occurred 121 immune
events (increased SB and decreased A-T-RFC) and 102 abnormal (de-
creased) radionuclide scans (Table 9). There were 63 immune events and
58 cases of decreased radionuclide scans; that is, 5 rejection episodes
occurred in the absence of a prior decreased radionuclide scan (Table 9,
Line 1). The 58 remaining immune events, which occurred in the absence
of clinical rejection, were associated with impaired renal function by the
radionuclide scan in 44 cases (Table 9, Line 2). There were 14 remaining
extra immune events in the absence of either clinical rejection or an
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TABLE 9. Immunological and Radionuclide Results of 63
Treated Rejection Episodes during the First 30 Postoperative
Days in 47 Non-ATG-Treated Patients

Concomitant findings

| % Active T Spontaneous | Radionuclide Clinical

T-RFC blastogenesis scans rejection
Line 1 63 63 58 63
Line 2 58 58 44 0
Line 3 142 14¢ 0 0
Line 4 4 4 0 0

% 14/121 = 11.5% False-positive inmune events.
® 14 Extra | A-T-RFC and 1 SB minus 10 infection-related events = 4; 4/121 = 3.3%
false-positive immune events.

impaired radionuclide scan (Table 9, Line 3). That these 14 episodes do
not represent an 11.5% rate of false-positive results was concluded from
documentation of 10 infectious episodes occurring at these times. Thus,
10 of the 14 paradoxical immune events may have been due to infection.
Thus, the false-positive rate is 3.3% (4/121) (Table 9, Line 4).

The application of serial immune monitoring with these two nonspe-
cific assays and radionuclide scanning is illustrated in Fig. 1 and 2.
Figure 1 shows the immunological monitoring data following transplan-
tation of a cadaveric kidney HLA-A3, —; B12, Bw35; Cw4, —, into a 33-
year-old recipient (HLA-A29, A31; B12, Bw35; Cw4, —) with renal
failure due to chronic pyelonephritis in crossed ectopic kidneys. Follow-
ing a modest rejection reaction at day 6 as evidenced by a change in both
immune and radionuclide parameters, there was a return of graft function.
At day 13, increased SB was accompanied by decreased A-T-RFC and
a subsequent decline in handling of radionuclides on day 19, all unasso-
ciated with significant clinical changes. This triad might have been a
premonition of a clinical rejection episode. Although there was a modest
decrease in radionuclide handling by the kidney on day 25, accompanied
by changes in immune parameters, chemical and clinical signs of rejection
were not evident until day 28, when therapy was instituted with prompt
restoration of renal function and resolution of the immune parameters.

In Fig. 2, radionuclide handling is divided into three parameters —
(1) perfusion of the graft (kidney/aorta ratio), (2) glomerular handling of
[#*mTc]-DTPA, and (3) tubular handling of [**I]-Hippurate —which are
summated to express the overall nuclide score. In Fig. 2, a cadaveric
graft (HLA-A3, A24; B40, B27; Cw3, —) was placed into a 33-year-old
woman (HLA-A2, A9; Bw35, B40; Cw3, —) with quiescent immune
complex nephritis. Chemical and clinical signs of rejection at day 9 were
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Figure 1. Immunological and radionuclide evaluation of renal transplant No. 21.

preceded by a fall in A-T-RFC and increased SB beginning at day 6.
Following successful treatment, a rise in SB and a fall in A-T-RFC were
associated with a plateau of radionuclide function at days 20-22, which
spontaneously resolved. The immunological changes of rejection evident
by day 34 were followed by a decrease in renal function detected by
radionuclides at day 44 and responsive to a second course of pulse
therapy.

These data suggest that alterations in two nonspecific immune
assays, when coupled with computerized radionuclide scans, afford early
indices of rejection. Immune events always occurred prior to clinical
detection of rejection. Resolution of the A-T-RFC fall without institution
of additional immunosuppressive therapy may be due to (1) internal
homeostatic regulation, such as spontaneous activation of suppressor
cells; (2) entrapment in the organ followed by a second wave of release
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Figure 2. Immunological and radionuclide evaluation of renal transplant No. 27.

of additional cells; (3) a possible cellular role of the A-T-RFC to activate
other T-cell subpopulations or antibody production, leading to subse-
quent attack on the end organ; or (4) effects of humoral antibody or
chemotactic factors on cellular homing or traffic patterns. The trigger
and the control of these T-cell fluxes are unclear.

4. Summary

Immunological monitoring has evoked considerable interest as an
early diagnostic key to the events leading to allograft rejection. Presum-
ably, sophisticated analysis should reveal and dissect the antigenic
determinants eliciting alloimmunity. However, since rejection is mediated
by a complex interplay of cellular and humoral effector mechanisms, it
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is unlikely that any single test will provide the crucial data in every case.
Indeed, the failure of available techniques to detect alloimmune reactions
precipitating clinical rejection underlines the limited utility of tissue
typing for HLA-A and -B antigens. It is uncertain whether matching for
the DRw antigens, which may represent the serologically identified
analogue of the HLA-D locus, will improve cadaveric allograft survival.
Of potentially great import is the application of nonspecific immune
evaluation of potential allograft recipients prior to transplantation. Pre-
liminary data suggest that intrinsic immune competence may be an
important determinant of the potential for graft loss. Patients with weak
immune responsiveness as determined by low numbers of active T-
rosette-forming cells (A-T-RFC), anergy to microbial skin test antigens,
low spontaneous blastogenesis (SB), and poor response to allogeneic
stimulation from a panel of unrelated lymphocytes displayed prolonged
graft survival compared to strong responders.

One cannot be assured of compatibility based on present typing
techniques. A pretransplant evaluation of specific host antidonor reactiv-
ity must be performed to assess potential presensitization. We recom-
mend a battery of lymphocyte-dependent antibody (LDA), complement-
dependent antibody (CDA), lymphocyte-mediated cytotoxicity (LMC),
and K-cell assays using recipient materials directed against >'Cr-labeled
donor targets, in addition to the visual cross-match technique. Patients
with positive pretransplant reactivity experienced accelerated or early
acute rejection and a high incidence of graft loss. However, this battery
of assays may not delineate recipient presensitization against all relevant
antigens, since it is directed only against peripheral blood lymphocytes
as target cells, and does not reflect potentially important determinants
on kidney or endothelial cells.

Since the major cause of renal-allograft loss is rejectlon, immuno-
logical monitoring assays may be important probes to detect emerging
recipient sensitization and afford indices for prompt therapy. Immune
reactions against donor lymphocytes in CDA, LDA, LMC, or K-cell
assays do not correlate with clinically defined rejection episodes. Indeed,
documented episodes were not accompanied by demonstrable immunity,
presumably due to (1) use of inappropriate target cells (i.e. lymphocytes)
as target antigens; (2) infrequency of testing; or (3) compartmentalization
of recipient elements into the allograft and therefore inaccessibility in
the peripheral blood. Since the relevant antigens or immune reactions
mediating rejection are variable and not entirely established, it appears
more feasible at present to monitor nonspecific cellular assays. Combined
alterations in two tests, the percentage A-T-RFC and SB, correlated with
renal functional changes presenting subclinically as altered handling of
radionuclides or clinically as rejection. Furthermore, when alterations in
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the two nonspecific immune assays were combined with changes in the
computerized radionuclide tests, one obtained a more reliable index to
diagnose rejection than the currently available donor-specific assays. The
present success of nonspecific methods should be regarded only as an
impetus for dissection of the actual antigen provoking renal-allograft
immunity, to obtain scientific and diagnostic skills to detect the evolution
of specific host immunity.
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Human la-like Alloantigens and Their
Medical Significances

Faramarz Naeim and Roy L. Walford

1. Introduction

The major histocompatibility complex (MHC) represents one of the so-
called multigene families, and as such is characterized by multiplicity,
close linkage, sequence homology, and related or overlapping phenotypic
functions. Multigene families are thought to be composed of units of
chromosomal organization encompassing a number of genes coding for
simple and complex but related traits (Hood et al., 1975). The MHCs in
all vertebrate species so far investigated are strikingly homologous and
involved in controlling a wide array of biological activities, including
allograft survival, immune responsiveness, and susceptibility to disease.
The mouse MHC, the H-2 system, has been extensively studied and
more completely mapped than the corresponding HLA system in man,
largely because of availability of congenic strains differing only in the
MHC region.

McDevitt and Tyan (1968) demonstrated that specific genes con-
cerned with regulation of the immune response to certain antigens are
located in a region (the I region) between the K and D loci of the H-2
system. These immune-response (Ir) genes are primarily concerned with
T-dependent immune responses. Some evidence suggests that /-region
genes may code for those T-cell products needed for interaction of T
cells with B cells and macrophages (Benacerraf and McDevitt, 1972;
Katz and Benacerraf, 1975; Benacerraf and Germain, 1978; Shevach et
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al., 1973, 1977; Taussing et al., 1975; Shevach, 1976). Investigators
utilizing alloantibodies directed against determinants coded for by the I-
region genes (David et al., 1973; Himmerling et al., 1974; Klein et al.,
1974) have also defined a new class of antigens that are expressed on the
surfaces of most B cells, a high percentage of macrophages (Himmerling
et al., 1975; Dorf and Unanue, 1977), and a small fraction of T lympho-
cytes (David et al., 1976; Murphy et al., 1976). These antigens are called
immune-associated (Ia) antigens. The B-cell population in the mouse can
probably be divided into two subpopulations on the basis of whether
they carry Ia antigens or not (McDevitt et al., 1976). Ia (+) B cells have
the potential to give rise to IgG antibody, while Ia (=) B cells can
produce only IgM. The subgroup of T cells that bear Fc receptors or
function as suppressor cells appear to be Ia (+), while those T cells that
respond in the mixed-lymphocyte reaction (MLR) are Ia (—) McDevitt
et al., 1976). The Ia antigens have also been reported to be expressed on
spermatocytes, epidermal cells, and fetal liver cells (Himmerling et al.,
1974; Klein, 1975).

Many other genes exist within the H-2 supergene system, for
example, genes for controlling the expression of theta-antigen (Mickova
and Ivanyi, 1973); the development of specific suppressor cells (Debre et
al., 1976); the MLR and the cell-mediated lymphocytotoxicity reaction
(Sollinger and Bach, 1976); susceptibility to a number of spontaneous
malignancies including lymphomas and cancers of the breast, lungs, and
liver (G.S. Smith and Walford, 1978); susceptibility to a number of
nonmalignant diseases (Doherty and Zinkernagel, 1975); levels of plasma
testosterone and testosterone-binding protein (Ivanyi et al., 1972); and
probably the age-related maturation rate of some immune-response
capacities (Meredith and Walford, 1979). The H-2 system influences a
wide variety of physiological and immunological processes in the mouse.

2. Human la-like Alloantigens

The human HLA supergene region demonstrates a striking homology
with the H-2 system of the mouse (Klein, 1975), and human lymphocytes
possess alloantigens that show many features similar to the Ia antigens
of mice (Arbeit et al., 1975; Wernet, 1976). These include:

1. Antibodies against Ia-like antigens in humans are often contained
within antisera raised against other antigens controlled by the
MHC region.

2. The Ia-like antigens are expressed predominantly on B lympho-
cytes, as well as on macrophages, epidermal cells, and sperma-
tozoa.
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3. Prior incubation of lymphocytes with the antisera may inhibit the
MLR and the secondary immune response.

4. Anti-Ia antibodies in the mouse and their homologous antibodies
in humans inhibit the binding of heat-aggregated immunoglobulin
complexes to Fc receptors, whereas antibodies to the H-2K and
D regions of the mouse or the HLA-A and -B regions of human
lymphocytes fail to do so.

The first serological studies in defining what are now recognized to
be “‘B-cell”” or Ia-like antigenic systems in the human were done with
chronic lymphocytic leukemia (CLL) cells by Walford et al. (1971a,b,
1973), with cultured lymphoblastoid-cell lines (LCL) by Dick et al. (1972,
1973), and with unfractionated peripheral-blood lymphocytes by van
Rood’s group (van Leeuwen et al., 1973), who were attempting to
demonstrate HLLA-D determinants by serological instead of the more
cumbersome cellular reactions. The work with CLL cells by Walford
and associates led to the identification of an Ia-like alloantigenic system
referred to eventually as the Merrit system (Walford et al., 1973; Gossett
et al., 1975). Van Leeuwen et al. (1975) and Winchester et al. (1975a,c)
demonstrated that antibodies of this nature react selectively with B as
opposed to T lymphocytes in complement-dependent lymphocytotoxicity
assays. This observation was promptly extended and confirmed by
different laboratories (Arbeit et al., 1975; Bodmer et al., 1975a,b; Fellous
et al., 1975; Ferrone et al., 1975; Gossett et al., 1975; Klouda and
Reeves, 1975; Legrand and Dausset, 1975a,b; Mann et al., 1975a,b; van
Rood et al., 1975a,b, 1976; Wernet et al., 1975). These investigations
resulted in alloantigenic systems of ‘‘B-cell’’ (Ia-like) specificities being
defined independently by Terasaki et al. (1975), van Rood et al. (1975a,b,
1976), Mann et al. (1975a,b, 1976), Bodmer et al. (1975b), Ferrone et al.
(1975), Thompson et al. (1975), and Legrand and Dausset (1975a,b).

3. Merrit Alloantigenic System

The work with CLL cells in our laboratory was stimulated by the
observation that some of the HLA-typing antisera that with normal
peripheral lymphocytes appeared to be monospecific showed with CLL
cells “‘extra’’ reactions that were not demonstrated by other HLA -typing
sera of the same specificity. Several possibilities were entertained to
explain these extra reactions, including cross-reaction with known HLA
antigens, reactions with immunoglobulin subgroups that might be present
on the surface of CLL cells (Walford et al., 1973), leukemia-associated
alloantigens (Walford et al., 1973), T- or B-cell alloantigens (Walford et
al., 1971b, 1973), and MLR determinants and the products of Ir genes
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(Walford et al., 1973). A series of studies eventually ruled out all but the
last two categories. On the basis of cross-absorption studies, seven
alloantigenic specificities were described, detectable by sera from which
HLA antibodies had been absorbed, and considered to define an HLA-
linked but distinct system (Walford et al., 1973). Later, absorption
experiments with separated T- and B-lymphocyte suspensions (Gossett
et al., 1975) indicated that the system was represented preferentially on
B cells, at which point it was referred to as the Merrit system, after the
first serum donor whose ‘‘extra’’ reactions prompted the investigations
(Walford et al., 1971b).

Based on the use of serum batteries and chi-square testing (van
Rood and van Leeuwen, 1963), up to 24 specificities have so far been
defined in the Merrit alloantigenic system (Walford et al., 1977; Gossett
et al., 1977, Naeim et al., 1978c). Many of these could be arranged into
two segregant series. In addition to CLL cells, the Merrit alloantigens
were shown to be present on T-depleted peripheral mononuclear (TDPM)
cells, B-type human LCL, and blast cells of a high proportion of acute
myeloid and lymphoid leukemias (Walford.et al., 1977, Naeim et al.,
1977a,b, 1978c,d).

4. Relationship of la-like Alloantigenic Systems to the HLA
Complex

Family studies by Mann et al. (1975b), Jones et al., (1975), and
Wernet (1976) all indicated segregation of the Ia-like alloantigens with
the HLA system, with the exception of system Ly-Co (Legrand and
Dausset, 1975b), which segregated independently. Analysis of LCL
derived from a single family in our laboratory showed segregation of
Merrit alloantigens with HLA. Additional evidence of association of Ia-
like antigens with the HLA system was the demonstration by Jones et
al. (1975) that the only clone from among six clones of somatic-cell
hybrids positive for the Ia-like (‘‘B-cell’’) alloantigens detected by serum
P1530B was the one containing chromosome 6, which carries the HLA
system.

The HLA-linked Ia-like antigens appear to be distinct from HLA-A,
-B, and -C antigens (Ferrone et al., 1975; Wernet et al., 1975b). The
latter are present on all nucleated cells, whereas the tissue distribution
of the former is more restricted. HLA but not ‘‘B-cell’’ alloantibodies
can be readily absorbed with platelets. Variant cell lines such as Daudi,
which do not express HLLA antigens on their surfaces and lack S,-
microglobulins, nevertheless react with B-cell typing sera (Pious et al.,
1974; Jones et al., 1975). HLLA membrane antigens are shed into culture
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medium only after treatment with antibody and complement, whereas B-
cell alloantigens are shed spontaneously even in the absence of specific
antibody (Wernet et al., 1975b). There may be a degree of linkage
dysequilibrium between HLA-A, -B, -C, and Ia-like alloantigens (Mann
et al., 1975a,b; Walford et al., 1976; Thompson et al., 1977). In the
Second B-cell Workshop of the Americas (Thompson ez al., 1977), 5 of
the 120 sera showing negative reactions with T cells gave B-cell patterns
correlating with HLA-B13 and were themselves part of a cluster related
to Merrit group 13. Correlations with HLA-B were shown by the reaction
patterns of 10 antisera of the workshop, but with HLA-A or -C by only
one serum.

In contrast to the situation with HLA-A, -B, and -C, early studies
showed strong linkage dysequilibrium between HLA-D determinants and
many of the Ia-like alloantigens (Bodmer et al., 1975b; van Rood et al.,
1975a,b, 1976; Solheim et al., 1975). For example, Merrit 1 correlated
with HLA-Dw1 and -2, and Merrit 13, a rather high-frequency antigen,
included HLA-Dw3 and -6 (Walford et al., 1977). Van Rood’s B cell sera
Mo and Be reacted with determinants strongly correlated with and
possibly identical to Dw3, his serum P! was strongly correlated with but
still probably separate from Dw6, his serum Ag recognized a locus
clearly separate from HLA-D [probably between HLA-B and -A (van
Rood, personal communication)], and serum Ko showed no relationship
at all to HLA-A, -B, -C or -D determinants. Serum Po appeared to
recognize Dw 2 + 6, and S/ gave an almost perfect fit with LD-107. Sera
Nos. 58 and 77 of Winchester er al. (1975a) correlated strongly with
Dw3, whereas Nos. 57 and 265 showed no correlation with HLA-D
(although they would inhibit stimulator function). Serum S@W of Solheim
et al. (1975) was highly associated with Dw2 (P < .0001), and serum TH
was much broader than but completely included Dw3. Among the B-cell
groups described by Bodmer er al. (1975b), OXI included Dw4 and Dw5
plus additional reactions, OX2 included Dw3, OX3 included Dwl, and
OX5 included Dws5.

The strong correlation between Ia-like alloantigens and some, albeit
clearly not all, of the HLA-D determinants provoked considerable
interest among investigators seeking to find serological methods to
replace the more cumbersome MLR tests for HLA-D typing.

5. Seventh International Histocompatibility Workshop and
HLA-DRw Specificities

The 7th IHW (Oxford, September 1977) was primarily devoted to
the study and definition of human Ia-like antigens and their relationship
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to HLA-D determinants (Bodmer, 1978). The Ia-like alloantigenic sys-
tems reported previously by several investigators were compared and
correlated in this workshop by using 180 ‘‘Ia’” sera against TDPM cells,
LCL, and CLL cells. Study of a large number of unrelated individuals in
the workshop revealed a significant association between seven la-like
antigenic groups and HLA-D determinants, indicating that these Ia-like
antigens are closely linked to or perhaps identical to antigens of the
HLA-D region. These la-like antigens officially were called HLA-DRw
(HLA-D-related workshop) antigens, and demonstrated patterns of cross-
reactions. In this regard, two subgroups were identified: DRw 1,2,3,6
and DRw 4,7,5,8 (Bodmer, 1978). Correlations of some of the Merrit
groups with HLA-DRw antigens are as follows: Merrit-¢ (Gossett et al.,
1975) = HLA-DRw1, Merrit-1 [Merrit-C (Walford et al., 1971b)] = HLA-
DRw2, Merrit-4 [Ev-i (Walford et al., 1973)] = HLA-DRw7, Merrit-8 =
HLA-DRw3, Merrit-9 = HLA-DRw4, and Merrit-10 =~ HLA-DRw4
(Bodmer, 1978). In addition to the HLA-DRw specificities, reaction
patterns of some of the 7th IHW “‘Ia’’ sera with TDPM and CLL cells
demonstrated several antigenic groups with no significant chi-square
correlation with HLA-D determinants, suggesting the existence of spec-
ificities probably distinct from HLA-D determinants. This matter will be
discussed later.

Population analysis of HLA-DRw antigens in the 7th IHW revealed
a virtual absence of DRw3 and 7 in Japanese and lower frequencies of
DRw4 (4x7) and DRw7 in African blacks. Also, in contrast to the pattern
in American Caucasians, HLA-DRw1 and 5 were absent in Navajo
Indians, while antigen JA, an Eskimo antigen, was found in the Navajo.
Table 1 demonstrates antigen frequencies of HLA-DRw specificities for

TABLE 1. Frequencies of HLA-DRw Antigens for CLL
and for American Caucasian and Navajo Indian

TDPM Cells?

CLL American Caucasian  Navajo Indian
HLA (N = 87) (N = 47) (N = 49)
DRwl 13% 9% 0
DRw2 21% 32% 14%
DRw3 21% 15% 21%
DRw4 24% 15% 53%
DRw5 16% 26% 0
DRw6 21% 26% ?
DRw7 18% 28% 9%
WIA8 1% 13% 44%
WIAA 2% 80% ?

o Adapted from Gossett et al. (1978a).
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CLL cells and for Caucasian and Navajo Indian TDPM cells (Gossett et
al., 1978a; Troup et al., 1978).

One of the problems encountered in analyzing the 7th IHW data
was the lack of reproducibility, in part due to the insufficient experience
of a number of laboratories in ‘‘Ia’’ serology. According to the 7th ITHW
report (Bodmer, 1978), only 41% of the participating laboratories pro-
duced results with a reproducibility based on unknown duplicates of
greater than 75%.

A satisfactory typing of T-depleted lymphoid cells with ‘‘Ia’’ (DRw)
sera requires nonspecific sera, reactive but nontoxic complement, and
substantial depletion of the T cells from the peripheral-mononuclear-cell
suspension. TDPM cells carry HLA-A,B,C antigens as well as Ia-like
determinants. Thus, it is also essential that the typing sera contain no
HLA-A,B,C antibodies. Reactivity to HLLA-A,B,C antigens can be ab-
sorbed out by platelets or other cells, or blocked (for example, by anti-
B.-macroglobulins). The most practical approach is absorption with
platelets, which carry HLA-A,B,C but not ‘‘Ia’’ antigens and are stable
for a long period of time if kept in a refrigerator. It is important to select
a proper proportion of packed platelets to serum to avoid incomplete as
well as nonspecific absorptions (Naeim et al., 1977a). For example, in
the 7th IHW report, about 12% of the sera used for HLA-DRw typing
reacted with more than 8% of T-cell suspensions, indicating incomplete
removal of the HLA-A,B,C antibodies (Bodmer, 1978).

A significant number of ‘‘Ia’’ sera submitted to the 7th IHW reacted
with more than one HLA-DRw specificity. Patterns of reactivities in
some of these sera suggested cross-reactions. For example, a highly
significant excess of sera reacting with DRwl1+2, DRwl1+6, DRw2+6,
and DRw3+6 determinants was observed.

Absorption studies may be quite helpful in analyzing multispecific
Ia-like antisera. B-type LCL represent a valuable resource for absorption,
since large quantities of cells may be needed (Naeim ez al., 1977a,b).
Table 2 demonstrates splitting of HLA-DRw activities of two sera,
“Merrit”’ and ‘“‘Evans’’ by means of absorption. Platelet-absorbed Merrit
serum, found to initially react with both HLA-DRw1 and 2, could be
“split’’ by absorption with cell line LG-27 and CLL cells La; Merrit
serum absorbed with L.G-27 demonstrated good HLA-DRw1 activity
without DRw2, and conversely Merrit absorbed with La showed HLA-
DRw?2 activity without DRw1. Similarly, serum Evans absorbed with Et
red cells (to remove anti-LeA activity) and CLL cells Br possessed good
HILA-DRw7 activity, while the same serum after absorption with Et and
cell line Pa reacted with the HLA-DRwS antigen.

For satisfactory typing, the complement should be active but not
toxic to the cells. Toxic effects of rabbit serum as complement source
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are more frequently observed in typing cell lines, acute leukemia cells,
and TDPM cells than with unfractionated peripheral lymphocytes. This
toxic effect appears to be due to heteroantibodies in normal rabbit serum.
The effect increases if the cells are washed in saline or balanced salt
solutions devoid of protein or sugars (Gossett et al., 1978b). Toxicity
due to heteroantibodies appears to involve activation of the classic
complement pathway rather than the alternate pathway. This activation
is inhibited by addition of 2-mercaptoethanol, implying that IgM and not
other immunoglobulin subclasses are involved. The heteroantibodies
present in normal rabbit serum lose their toxicity for human lymphoid
cells when the serum is incubated at 50°C for 15 min, or when it is diluted
with human or fetal calf serum (Gossett et al., 1978b; Naeim et al.,
1977a,b). Not all rabbit sera are toxic for TDPM cells. By screening
different lots of rabbit serum, one can find a complement source with
minimal cytotoxic effects on TDPM cells. In our experience, most
available rabbit sera are toxic for LCL and the majority of acute leukemia
cells.

6. Correlation between HLA-D and DRw

The relationship between HLA-D determinants and DRw specifici-
ties was examined in the 7th IHW. For certain specificities such as DRwl1
and 2, the correlation with the corresponding HLA-Dw (1 and 2) was
excellent, suggesting that some DR alleles may be either identical to or
closely linked with Dw alleles. Other possible associations, such as Dw4
with DRw4, Dw6 with DRw6, and Dw8 with WIA8, were not convinc-
ingly shown. Discrepancies also existed between HLA-DRw typing of
the homozygous typing cells (HTC) and their HLA-Dw determinants
(Bodmer, 1978).

In our studies on 31 B-type LCL derived from HLA-D-homozygous
individuals (Fig. 1), the highest correlation was found between HLA-
DRw2 and -Dw2, and HLA-DRw3 and -Dw3 (Naeim et al., 1978c).
Nevertheless, some discrepancies were noted. Three homozygous cell
lines typed as DRw7 were known to be Dw5, 10, and 11, respectively.
Cell line LG 28, which reacted with HLA-DRw®6 sera, was known to be
HLA-Dw3. None of the homozygous cell lines typed as HLA-DRw4 was
unequivocally -Dw4, and some cell lines derived from members of a
family typed serologically as HLA-DRw7 but with HTC as HLA-Dwl11.
Further investigations (Gatti ef al., 1979) demonstrated that an antiserum
to HLA-DRw?7 could suppress proliferation of all 6 -DRw7 (+) but none
of 12 -DRw7 (—) cell lines. This suppressor activity could be removed by
absorptions with three HLA-DRw7 (+) cell lines, each representing a
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*7th workshop serum number
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Figure 1. HLA-DR typing of HLD-D-homozygous LCL.

different HLA-Dw allele, namely, -Dw7, -Dw10, and -Dwl1. These
studies accord with results of family studies by Suciu-Foca et al. (1978)
indicating that HLA-D and -DR determinants are controlled by closely
linked but nevertheless distinct genes.

By HLA-D and -DR typing of randomly selected Navajo Indians,
Troup, et al. (1978) demonstrated a highly significant correlation between
DRw7/Dw7 and WIA8/DwS8, but no correlation at all between DRw2/
Dw2, DRw3/Dw3, and Dw4/DRw4. Studies of Festenstein (1978) on a
recombinant family suggested crossover between HLA-D and -DR in the
father. Reinsmoen et al. (1978) recently presented a family showing
positive mixed-lymphocyte culture reactivity (MLR) between HLA-
A,B,C- and DR-identical siblings. This might be taken as further evidence
that HLA-D and -DR are nonidentical.

It appears that reactivity observed in the primed-lymphocyte test
(PLT) may be more closely associated with HLA-DR typing than with
HLA-D determinants (Sasportes et al., 1978; Fradelizi et al., 1978;
Reinsmoen et al., 1978). This concept was supported by absorption
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studies (De Wolf et al., 1978) in which the capacity of the cells to
restimulate in the PLT was blocked both by DRw alloantisera and by the
p29, 34 fraction of heteroantiserum. The inhibition was specific: the PLT
stimulation by HLA-DRw1 (+) cells was blocked by anti-HLA-DRwl
serum, but not by anti-DRw2, -DRw3, or control sera.

7. la-like Alloantigenic Segregants Distinct from HLA-DR

Evidence for more than one locus in the HLA-linked Ia-like alloan-
tigenic system has been presented by several groups (Mann et al., 1975a,
1976; Walford et al., 1975, 1976; Terasaki et al., 1975; van Rood et al.,
1977). Analyzing family crossover data, Mann and his associates (Mann
et al., 1976; Abelson and Mann, 1978) concluded that the ‘‘B-cell’’ (Ia-
like) alloantigens reflected at least two loci, one more closely associated
with the HLA-A and the other with the HLA-B locus. The reaction
pattern of one serum in several crossover families led van Rood et al.
(1977) to postulate the existence of two Ia-like loci, one near HLA-D
and a second on the A side of the HLA complex. These conclusions are
consistent with the population analysis of Walford et al. (1976), who
demonstrated linkage dysequilibrium between HLA-A, -B, and certain
Merrit specificities, suggesting the presence of two Ia-like loci. Recent
studies by Park et al. (1978) based on population analysis and using cells
from 635 American Caucasians, 115 Japanese, and 73 American blacks
suggested the existence of two ‘‘Ia’’-like alloantigenic groups, referred
to as T-E21 and T-E22. These two allelic groups seemed distinct from
HLA-DR but located on the HLA-B side of chromosome 6.

Our typing results of HLA-D-homozygous cell lines by 7th ITHW
“Ia” sera revealed four antigenic groups, Merrit 5, 13, 23, and 24, with
mutually high r values (Naeim et al., 1978¢) (Fig. 2) that showed no
significant correlation with HLA-A, -B, -C, -DR, or -D specificities.
Similar results were obtained when TDPM, CLL, and acute leukemia
cells were used as target cells. This study is in line with our previous
results and suggests that Merrit groups 5, 13, 23, and 24 may represent
Ia-like specificities distinct from HLA-D or -DR region(s).

8. Leukemia Cells and la-like Alloantigens

The presence of Ia-like alloantigens on CLL cells was first described
by Walford et al. (1973, 1975, 1976, 1977). Results from a total of 475
CLL donor cells in the 7th ITHW revealed a higher frequency of HLA-
DRw3, 4, 5, and 6 among the CLL patients than among controls (Lawler
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and Jones, 1978). However, it was postulated that this difference might
reflect merely technical problems rather than dysequilibrium of HLA-
DRw antigens in CL.L.. According to our studies, one of the workshop
Ia-like specificities (WIAA) defined by workshop sera Nos. 85 and 86
was detected in only 2% of CLL patients compared to 80% of normal
controls (Gossett et al., 1978a). Now, in routine preparation of TDPM
cells from normal persons, a significant proportion of the cells (between
40 and 60%) are monocytes; we considered whether the difference in
WIAA frequency between normal and CLL donors might be related to
the monocytes. This possibility was further supported by the reactivity
pattern of normal TDPM cells, L.CL, and various leukemic cells against
selected groups of 7th IHW ‘‘Ia”’ sera, including sera Nos. 85 and 86
(WIAA). As demonstrated in Table 3, peripheral-cell suspensions con-
taining large numbers of monocyte or myelomonocytic elements, such as
TDPM cells and cells from patients with acute myelogenous leukemia
(AML), showed a higher frequency of reactions with these sera than
suspensions with only a few monocytes. Either WIAA antigens are
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manifested more strongly on monocytes or their detection in cytotoxicity
tests is potentiated by the presence of monocytes (Naeim ef al., 1978¢c).

CLL is not a homogenous lymphoproliferative disorder; although in
most cases CLL appears to result from clonal proliferation of abnormal
B lymphocytes, a small percentage of CLL cases are of T-cell origin
(Brouet et al., 1975 Uchiyama et al., 1977). In addition, subsets of
chronic lymphoproliferative disorders exist that in some aspects resemble
classic CLL, yet are distinct entities. These include ‘‘hairy-cell’’ leuke-
mia (leukemic reticuloendotheliosis), prolymphocytic leukemia, Sézary
syndrome, and the leukemic phase of lymphomas (lymphosarcoma-cell
leukemia). Each of these entities may be heterogeneous by itself. For
example, B- and T-type prolymphocytic leukemias have been described
(Catovsky et al., 1973), circulating abnormal lymphoid cells in Sézary
syndrome (leukemic phase of a T-cell cutaneous lymphoma) may share
characteristics of helper T cells or suppressor T cells (Broder ef al.,
1976; Kansu and Hauptman, 1977), and ‘‘hairy-cell’’ leukemia is heter-
ogeneous (Naeim et al., 1978a).

Results of testing mononuclear cells from 11 patients with ‘‘hairy-
cell’”” leukemia against 7th IHW “‘Ia’’ sera are presented in Fig. 3. The
cells from 1 patient showed over 80% spontaneous rosetting with sheep
erythrocytes, only 2% of the cells were positive for surface-membrane
immunoglobulins (Smlg’s), and they did not react with any workshop
“Ia’’ sera. Most cells from the remaining 10 patients were Smlg (+) and
reacted with workshop ‘‘Ia’’ sera (Fig. 3); however, the reactions were
less strong and less frequent than with CLL cells.

Our preliminary results indicate the presence of Ia-like as well as
other HLA alloantigens on malignant lymphoid cells from patients with
lymphoma and lymphosarcoma-cell leukemia. HLA typing of lymphoma

TABLE 3. Frequency of Reactivity of Normal and Leukemic White
Blood Cells with Certain 7th IHW “la” Sera?

7th IHW Serum No.

Number
Cells? of cases 18 85 86 87 92 98 112
TDPM 47 31%0 0% 68% S3% 23% 19% 13%
AML 43 18% 12% 16% 30% 23% 14% 9%
ALL 34 3% 9% 9% 3% 6% 6% 3%
CLL 87 11% 2% 2% 1% 6% 4% 0
LCL 45 0 4% 4% 6% 10% 2% 2%

@ The values given are the percentages of positive reactions.

b (TDPM) T-depleted peripheral mononuclear; (AML) acute myelogenous leukemia; (ALL)
acute lymphoid leukemias and lymphosarcoma-cell leukemias; (CLL) chronic lymphocytic
leukemia; (LCL) lymphoblastoid cell lines.
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*positive control sera

*%positive control serum diluted 1/75

Figure 3. Reactivity of 7th IHW *‘Ia’’ sera with peripheral mononuclear cells from patients
with hairy-cell leukemia.

patients along with proper subclassification and ‘‘homogenization’ of
the diseases might ultimately show correlation with HLLA antigens.
Acute leukemia cells of both lymphoid and nonlymphoid types carry
HLA antigens including Ia-like determinants (Billing et al., 1976a,b;
Walford et al., 1977; Kadin and Billing, 1977, 1978). Evidence suggests
that Ia-like antigens present on certain less than mature hematopoietic
elements may disappear during the process of maturation. For example,
segmented granulocytes, platelets, and plasma cells, all end stages of
respective maturation sequences, are devoid of surface la-like antigens
(Drew et al., 1978b; Kadin and Billing, 1978; Halper et al., 1978). At
least most of the circulating T lymphocytes also do not express la-like
antigens, while T cells primed against allogeneic lymphocytes in MLR
react with anti-DRw sera in a pattern identical to B cells from the same
donor (Suciu-Foca et al., 1978a). Ia determinants are expressed on the
hematopoietin-sensitive erythroid precursors and become undetectable
during subsequent stages of differentiation (Winchester et al., 1978). The
presence of Ia-like antigens on circulating monocytes is well documented
(Moraes et al., 1977; Drew et al., 1978a; Stastny, 1978a; Colbaugh and
Stastny, 1978; Cicciarelli et al., 1978), but it is not clear whether
histiocytes and multinucleated giant cells, which are apparently more
mature than monocytes, contain Ia-like antigens. Studies of possible
correlation between Ia-like antigens and acute leukemias are few. Billing
et al. (1976a) reported the absence of group B of Terasaki la-like
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alloantigenic groups from leukemia cells and LCL, but further investi-
gations revealed that reactivities represented by Terasaki B group are
due to cold autoantibodies. Our preliminary studies concerning HLA-
DRw specificities for AML cells are summarized in Table 4. HLA-
DRw2, S5, and 6 were more frequent in TDPM cells from 47 normal
individuals than in blast cells from 40 AML patients. However, no
significant differences were noted in distribution of HLA-DR antigens
among subsets of AML classified as proposed by the
French—American-British Group (Bennett et al., 1976). Of the AML
patients, 19 had received similar therapy with 6-thioquanine, cytosine
arabinoside, and daunomycin. No significant correlation was found
between the HILA-DR antigens and remission, duration, or survival time
(Naeim et al., 1978d).

9. la-like Alloantigens and Nonmalignant-Disease
Associations

Experimental proof of involvement of H-2-linked antigens in Gross-
virus-leukemia susceptibility was first demonstrated by Lilly (1966) and
Lilly et al. (1964). The responsible gene was called Rgv-1. In subsequent
studies, Rgv-1 appeared to be associated with the Ir-1 loci at the K end
of the H-2 complex. Since then, susceptibility to several other viruses
has been shown to be linked to H-2.

Numerous diseases in man are associated with different alleles of
the HLA complex. In autoimmune disorders, this association is primarily
with alleles of the B—D,DR segment of the complex—in short, the area
homologous to the I region of the H-2 system.

As part of a multigene family (Hood et al., 1975), the B-D,DR
segment in HLA may represent a chromosomal organization ‘‘unit’’
primarily involved in immune responsiveness and self-nonself recogni-

TABLE 4. Frequency of HLA-DR Antigens for
TDPM Cells from 47 Controls and for AML
Cells from 40 Patients

HLA-DRw TDPM cells AML cells

1 9% 15%

2 32% 17.5% P >0.10

3 15% 5%

4 15% 17.5%

5 26% 0 (P < 0.00D)
6 26% 0 P < 0.00D)
7 28% 25%
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tion. This view is supported by the demonstration of a significant
correlation between HLA-B8, -DRw3, and levels of anti-acetylcholine-
receptor antibodies in myasthenia gravis (MG) (Naeim et al., 1978d).

The possibility that MG is an autoimmune disorder was proposed by
Smithers (1959), Nastuk ez al. (1960), and Simpson (1960). The high rate
of thymic abnormalities (Castleman, 1966), the often favorable response
to thymectomy, and the association of MG with other autoimmune
disease (Simpson, 1960) accord with this view. Patrick and Lindstrom
(1973) produced experimental autoimmunity against acetylcholine recep-
tors (AChR) in rabbits. This was characterized by muscular weakness
and respiratory insufficiency, which were improved after treatment with
anticholinesterase agents. Anti-AChR antibodies have subsequently been
demonstrated in the sera of MG patients (Almon et al., 1974; Bender et
al., 1975; Appel et al., 1975; Lindstrom et al., 1976).

Although the target in MG appears to be AChR, clinicopathological
differences exist among patients with the disease. These differences tend
to be associated with different frequencies of HLA antigens in subgroups
of MG patients. Young females with hyperplasia of thymic germinal
centers show an excessively high prevalence of HLA-B8 (Fritz et al.,
1974, 1976; Feltkamp et al., 1974; Priskanen et al., 1972; Priskanen,
1976). In contrast, HLA-BS8 is uncommon in older males and in patients
with thymoma, who, according to Fritz et al. (1974, 1976), demonstrate
a high frequency of HLLA-A3 compared with normal controls. Among 82
Caucasoid MG patients studied at the UCLA Medical Center (Keesey et
al., unpublished data), the titer of anti-AChR antibodies correlated with
sex and distribution of HLA antigens, but not with activity or severity
of the disease. Of the 68 nonthymoma patients, 21 (31%) were HLA-B8
(+). Among those with elevated anti-AChR titers, 93% of females and
only 20% of males were HLA-B8 (+) (p < 0.01). No correlation was
found between HLLA-B8 and MG in the thymoma group, and the average
anti-AChR titer was higher than in the nonthymoma group. Among 23
nonthymoma MG patients typed for HLA-DRw antigens in addition to
HLA-A, -B, and -C (Naeim et al., 1978b), the frequency of both HLA-
B8 and -DRw3 was significantly higher than normal. Most patients with
elevated anti-AChR titers were positive for HLA-B8 or -DRw3, or both,
whereas most HLLA-B8- and/or -DRw3-negative patients showed anti-
body titers below average (Table 5). In contrast to these results, Smith
et al. (1978) found no correlation between HLLA-B8 and titer of AChR
antibodies in MG.

The association between autoimmune diseases and la-like alloanti-
gens is further supported by the fact that Type 1 (insulin-dependent,
juvenile-onset) diabetes mellitus, irrespective of age of onset, shows an
increased relative risk of development in subjects who are HLA-DRw3
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TABLE 5. Correlation between HLA Antigens and
the Average Serum Anti-AChR Titers of 23 MG
Patients without Thymoma

Anti-AChR titer®

< 28 > 28
Number Number
HLA of patients  of patients x? P Values
B8+ 4 6
7.304 < 0.01
B8— 12 1
DRw3+ 2 6
11.507 < 0.001
DRw3 - 14 1

e Concentration of 10~ mol receptor bound per liter of serum.
> Average titer of anti-AChR in the MG patients without thymoma.

(+), with secondary associations with HLA-A1, -B8, or -B18, and in
subjects who are HLA-DRw4 or -Dw4 (+), with secondary associations
with HLA-A2, -B15, -B40, and -CW3 (Jeannet et al., 1977; Mayr et al.,
1977; Batchelor and Morris, 1978; Cudworth and Festenstein, 1978). The
secondary associations are probably due to linkage dysequilibrium among
the various HLA loci. Results of the 7th IHW (Batchelor and Morris,
1978) demonstrated that a significant proportion of Type 1 diabetic
patients who were positive for pancreatic-islet-cell antibodies typed as
HLA-BS8, -DRw3 or -DRw4. A study of 110 newly diagnosed diabetic
patients (Cudworth and Festenstein, 1978) demonstrated that the HLA-
B8-, -15-positive patients had elevated antibody titers to Coxsackiec B
1-4 variants compared with HLA-B8- or -15-negative patients. Although
HILA-DRw antigens were not reported in that study, the strong dysequi-
librium between HLLA-B8 and -DRw3 is consistent with the idea that
HILA-B-linked ‘‘Ia”” genes may enhance specific inmune responsiveness
in diabetic patients.

Associations between la-like alloantigens and other diseases with
altered immune conditions have also been reported. A high correlation
exists between chronic active hepatitis and HLA-B8, -DRw3 (Batchelor
and Morris, 1978); patients with Goodpasture’s syndrome reveal a high
frequency of HLA-DRw2, with a relative risk of 15.9 (Rees et al., 1978).
HLA-DRw4 is increased in frequency in adult rheumatoid arthritis
(Batchelor and Morris, 1978; Stastny, 1978b), and patients with positive
tests for both HLA-DRw4 and rheumatoid factor tend to have a more
severe form of the disease (Roitt et al., 1978). The frequencies of HLA-
DRw2 and 3 are significantly higher in patients with systemic lupus
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erythematosus than in controls (Reinertsen et al., 1978; Gibofsky et al.,
1978).

There is evidence suggesting HLA-linked genetic control of host
response to exogenous agents. In leprosy, de Vries et al. (1979) demon-
strated that HLA-DRw2 may be a genetic marker for susceptibility to
the tuberculoid form (in an endemic area in India), whereas HLA-DRw6
correlated with resistance. In individuals whose lymphocytes were tested
for lymphocyte transformation to vaccinia virus 3—4 weeks after primary
vaccination, de Vries (1979) reported an association of HLA-Cw3 and -
DRw4 with low lymphocyte response. Association with HLA-DRw4 was
thought to be secondary to linkage dysequilibrium with HLA-Cw3.
Coeliac disease, which results from gluten sensitivity, shows increased
frequencies of HLA-B8, -DRw3, and -Dw3 (Keuning et al., 1976; Solheim
et al., 1976, Mackintosh and Asquith, 1978). Increased frequencies of
HI.A-B7, -DRw2, and -Dw2 in multiple sclerosis have been reported in
Caucasoid populations (Jersild et al., 1972; Naito et al., 1972; Terasaki
et al., 1976; Batchelor and Morris, 1978). It has been suggested that
multiple sclerosis results from an HLA -linked abnormal immune response
initially provoked by exogenous agent(s) (Batchelor ez al., 1978; Comps-
ton et al., 1976; Winchester et al., 1975b).

10. HLA and Cancer: New Considerations

Except for Hodgkin’s disease (Amiel, 1967), acute lymphatic leu-
kemia (Walford et al., 1971b), and particularly nasopharyngeal carcinoma
(Simons et al., 1975), attempts to find correlation between HLA types
and human malignancy have been disappointing, especially in view of
the known association of H-2 with leukemia in mice (Lilly, 1966). It
might be thought that the association in mice is only with induced, and
particularly virally induced, malignancies, but in fact the incidence of
various spontaneous malignancies in mice is also highly H-2-influenced.
In a life-span study of 14 strains of mice congenic at H-2 and on three
different backgrounds, Smith and Walford (1977) noted that within each
background, the H-2 type markedly influenced both incidence and types
of malignancies. A portion of their data is shown in Table 6. It is clear
that both the strain background and the H-2 type influence the malignan-
cies. For example, on the BL/10 background (strains 1-7 in Table 6), all
strains displayed a high incidence of lymphoma, but some much higher
than others. Pulmonary-tumor incidence among strains congenic on the
BL/10 background varied from 0 to 18%, and on the A-strain background
from 4 to 29%. Other variations are evident from the table. Now, it
seems probable that if all strains of mice shown in Table 6 were allowed
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to interbreed freely, producing a randomly outbred strain, and H-2/tumor
correlations were sought on this outbred strain, the actual or potential
H-2 influence would be quite obscured by the concomitant influence of
diverse non-H-2 genes from the intermingled primary strains. Such a
situation in the outbred human species might well exist.

It is also possible, as another alternative, that genes associated with
increased susceptibility to cancer may be linked to HLA but not show
linkage dysequilibrium with known HLA factors. We suggest that such
genes exist and that they may be concerned with DNA repair efficiency.
In the next section, we shall present direct evidence for linkage of some
form(s) of DNA repair with the MHC. Suffice it to note here that an
increase of HLA haploidentity among afflicted siblings has been found in
a number of families in which xeroderma pigmentosum was segregating
(Giraldo et al., 1977). Furthermore, a suggestion of homozygosity at the
HLA-A locus has been reported in aplastic anemia and in Fanconi’s
anemia (Dausset, 1977). Xeroderma pigmentosum and Fanconi’s anemia,
both of which are characterized by increased rates of malignancy, are
well-known examples of diseases with faulty DNA-repair mechanisms.
Recent evidence has also suggested that aplastic anemia, which at times
eventuates in acute leukemia, may be associated with faulty DNA-repair
mechanisms (Morley et al., 1978).

11. Major Histocompatibility Complex, Aging, and DNA
Repair

As a critical test of the immunological theory of aging (Walford,
1969), evidence was presented elsewhere that the MHC has a striking
influence on the rate of biological aging (Smith and Walford, 1977).
This was adduced by comparing mean and 10th-decile survivorship
within different sets of mice congenic at H-2 on three specific back-
grounds, specifically BL./10, C3H, and A. Experiments by other workers,
conceptually unrelated to the aforementioned work, demonstrated a
remarkable correlation between maximum life-span in a number of
mammalian species and the rate of DNA-excision repair as measured by
unscheduled DNA synthesis (Hart and Setlow, 1974). Beighlie and
Teplitz (1975) presented evidence for decreased DNA-excision-repair
capacity in systemic lupus erythematosus, and a number of separate
groups of investigators, including our own, have reported dysequilibrium
of the HLA system in relation to this disease (Waters et al., 1971; Nies
et al., 1974; Kissmeyer-Nielsen et al., 1975; Ivanyi et al., 1976; Goldberg
et al., 1976; Rigby et al., 1978; Gibofsky et al., 1978).
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TABLE 7. Unscheduled DNA Synthesis in UV-Irradiated vs.
Nonirradiated Lymphocytes from Mice Congenic at H-2 on
Three Backgrounds?®

Congenic H-2 Number Ratio of *H uptake in UV-
strains allele tested irrad./nonirrad. cells (= S.E.)

C57 BL/10 b 8 3.9 (= 0.30)

B10. BR k 5 2.2 (= 0.17)

B10. AKM m 7 2.7 (= 0.15)

C3H/Sw b 7 2.1 (£ 0.20)

C3H/He k 7 1.7 (= 0.15)

e Adapted from Walford and Bergmann (1979).

While no direct studies had been reported in which major histocom-
patibility alleles were specifically known or determined at the same time
DNA-excision-repair capacity was estimated, we inferred from the afore-
mentioned studies as well as other information, including that given in
the previous section, that genes associated with the MHC might influence
DNA-repair mechanisms, and that a relationship might exist among the
MHC, maximum life-span potential, and DNA-repair efficiency (Walford,
1979). In a recent investigation (Walford and Bergmann, 1979), we
therefore selected long-lived and short-lived strains of mice from among
congenics previously studied (Smith and Walford, 1977). DNA-excision-
repair capacity was assessed in spleen-cell populations from individual
mice of these strains by measuring unscheduled DNA synthesis following
ultraviolet radiation and in the presence of hydroxyurea. DNA repair
was found to vary significantly in some instances with the HLA type of
the congenic mice on each particular background (Table 7). This study
provided the first direct evidence that genes associated with the MHC
influence DNA-excision-repair mechanisms. Preliminary additional stud-
ies of repair of bleomycin-induced DNA damage in congenic mice
support this evidence. While the matter requires both further confirma-
tion—including segregation analysis of F, progeny (in progress)—and
detailed insightful investigations at the molecular level, we believe that
a linkage association of DNA-repair mechanisms with the MHC does
exist and that this may have important implications for both gerontology
and cancer research.
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The Enigma of Good Kidney-Graft
Survival in the Face of Poor HLA
Matches

HLA Matching for Kidney Transplantation
Makes Sense

J.J. van Rood, G.G. Persijn, E. Goulmy, and
B.A. Bradley

1. Introduction

One of the few facts all those involved in kidney allografting agreed on
almost from the beginning is that matching for the HLLA system plays an
overriding role when donor and recipient are siblings. It was one of the
fundamental observations that identified the HLA system as the major
histocompatibility complex (MHC).

Although the HLA system is extremely complex, its polymorphism
can be considered finite. This implies that unrelated individuals exist
who share one or two HLA haplotypes. In the parent—child combination,
matching for the unrelated haplotype was shown to improve kidney-graft
survival (van Rood et al., 1967). On the basis of this observation, it was
suggested that to overcome the difficulty of finding good matches between
unrelated individuals, a large pool of patients awaiting kidney transplan-
tation should be created (van Rood, 1967). Whenever a kidney donor
becomes available, the best-matched recipient is selected from the pool.

Although this proposal, which led to unique international and inter-
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center medical collaboration, was received well, it took ten years before
the consensus was reached that HLA matching was helpful in the
unrelated donor-recipient combinations (Zransplantation Proceedings,
1977). In retrospect, this delay can be explained by the following
considerations:

1. Many of the early studies had, because of the extreme polymorph-
ism of HLA, far too few ‘‘good’’ matches —i.e., HLA-A- and -B-
identical matches —to allow for a meaningful interpretation of the
data.

2. The influence of linkage dysequilibrium was insufficiently taken
into account in most studies.

3. In the unrelated donor-recipient combination, where complete
HLA identity is rare, if it occurs at all, helper or suppressor
mechanisms, or both, can be activated that make a simplistic
interpretation of the number of HLA-A and -B mismatches
redundant.

That HLA-A and -B matching does improve kidney allografting is
illustrated by Fig. 1, which presents the results obtained in the organ-
exchange organization Eurotransplant in the period 1972-1977 and con-
cerns over 3000 first cadaveric transplants (Persijn et al., 1979). The data
show that 5 years after transplantation, grafts with no HLA-A and -B
mismatches do over 15% better than grafts mismatched for three or four
antigens. The difference is statistically significant from 6 months post-
transplant onward and meaningful both for the patient and in the context
of the cost—benefit aspects of the treatment of end-stage renal failure.

Two further points can be deduced from Fig. 1 as well. The first is
that about one third of the transplants fail within the first 3—6 months
after transplantation, and the second is that although the grafts mis-
matched for three or four HLA-A and -B antigens do on the average less
well tban those that were better matched, some of these three- to four-
antigen-mismatched grafts do quite well even after 5 years. In other
words, even a good HLA-A and -B match is no guarantee of good
function, and by contrast, good graft function can occur vis-a-vis a very
poor HLA match. It is both of great theoretical importance and of great
practical importance to understand the mechanism by which these
mismatched grafts are able to survive.

Recently, several variables have been identified that apart from
HILA-A and -B matching per se are able to significantly influence kidney
graft survival. We will discuss three of these. Blood transfusion and
HLA-DR matching have a graft-protecting effect, while incompatibility
for MHC-restricted and MHC-nonrestricted non-HLA antigens can im-
pair graft survival.
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PERCENTAGE

FOLLOW-UP TIME IN MONTHS

Figure 1. Kidney-graft survival of over 3000 consecutive transplants performed in collab-
oration with the Eurotransplant organ-exchange organization. Note that after 6 months,
there is an 8% difference, and after 60 months a 15% difference, between the best- and
poorest-matched grafts. From Persijn et al. (1979).

2. Blood Transfusion

Opelz et al. (1973) were the first to present significant evidence not
only that blood transfusion can cause immunization, which endangers
graft survival, but also that it can prolong graft survival. Their observa-
tion has been confirmed by most workers, including our own group
(Persijn et al., 1977). Furthermore, a randomized prospective study in
rhesus monkeys that received five blood transfusions over a 3-month
period prior to transplantation and standard immunosuppression after
transplantation showed a significant fourfold prolongation of graft surviv-
al (Fig. 2) (van Es et al., 1977).

In Leiden, a retrospective study by van Hooff et al. (1976) showed
that patients who had received one blood transfusion appeared to do
better than patients who had received none. Next, Persijn et al. (1979)
evaluated the role of the number of blood transfusions in kidney-graft
survival in 895 patients who had received a kidney transplant between
January 1, 1967, and March 1, 1977. The transfusion history was checked
by scrutinizing the relevant documents (e.g., medical history, blood bank
files, hemodialysis reports) and by personal interviews with the patients
or their relatives or both. For female patients, the number of pregnancies
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Figure 2. Influence of blood transfusion on
kidney-allograft survival in unrelated rhesus
monkeys. Solid black bars depict individual
survival times; shaded areas indicate the
mean survival time (M.S.T.) per experimen-
tal group. Immunosuppression consisted of
azathioprine (4 mg/kg) and prednisolone (2
mg/kg), given on alternate days. Five blood
transfusions were given at biweekly inter-
vals. Transplantation was performed 11-23
days after the last transfusion. From van Es
et al. (1977).

and abortions was recorded. In this way, these authors found 68 male
and 6 female patients who had never been transfused or been pregnant
before transplantation. None of them had preformed leukocyte antibodies
in their serum. Similarly, 27 male and 3 never-pregnant female patients
were identified who had received only a single blood transfusion, a third
of them 1 year or more before transplantation. Some of these patients
remembered the exact date of transfusion, and this was checked and
confirmed in the blood bank records. None of these patients had
detectable antileukocyte antibodies in their sera. The composition of the
transfusate (e.g., whole blood, washed erythrocytes, filtered blood) was
not taken into account because accurate information on this was not
available. All patients in this analysis, except one patient in the nontrans-
fused group, had received blood transfusions during transplantation
varying from 1 to more than 5 units. As can be seen in Fig. 3, the
patients who had received one blood transfusion did extremely well (80%
graft survival at 6 months after transplantation), while those who had
received no blood transfusion did very poorly indeed.

On the basis of these findings, a prospective trial was started in
Holland in which it was planned to compare the graft-protecting effect of
one pretransplant transfusion of leukocyte-poor blood with three such
transfusions. The precise way in which the blood was to be prepared
was not specified. Most centers gave ‘“washed’’ leukocyte-poor blood,
but a few used cotton-wool-filtered blood, which for all practical purposes
is leukocyte-free (Diepenhorst et al., 1972). As is shown in Fig. 3, this
prospective study confirmed the retrospective study with respect to the
graft-protecting effect of one transfusion of leukocyte-poor blood. In
contrast, the patients transfused with cotton-wool-filtered leukocyte-free
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Figure 3. Graft survival in relation to a single pretransplant blood transfusion. Only
transfusions of leukocyte-poor blood had a graft-protecting effect. From Persijn et al.
(1978).

blood did as poorly as the nontransfused patients. We conclude from
these data that a small amount of buffycoat cells given once before
transplantation induces significant graft protection and that buffycoat-
free erythrocytes will not do so. Others have suggested that peroperative
blood transfusions without preoperative ones can cause graft facilitation
(Stiller et al., 1978). During the last two years, almost all peroperative
blood transfusions to the patients shown in Fig. 3 have been leukocyte-
free. However, before that date, leukocyte-poor blood was often given.
Its effect on graft survival is under study. Because of the very poor
overall graft survival in the group of patients who received no blood
transfusions before transplantation, it appears unlikely to us that per-
operative blood transfusions with leukocyte-poor blood are as effective
as preoperative ones.

On two points, our findings are at variance with those of others.
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First, although almost all authors agree that patients who had received
pretransplant blood transfusions do better than those who did not, most
centers find that graft survival in the nontransfused group is not 20-30%
as we observed (Fig. 3), but 40-60% at 1 year (Morris et al., 1978; Opelz
and Terasaki, 1978). We have no good explanation for this discrepancy.
Inadequate inventorying of the blood-transfusion history might be an
explanation for some but not for all studies. The poorer graft survival in
our nontransfused-patient group is unlikely to be due to poorer HLA
matches as compared to the other studies. This discrepancy thus focuses
our attention on yet another unknown variable determining the outcome
of kidney transplantation.

Second, another discrepancy lies in the number of blood transfusions
given. Although some centers (Morris, personal communication) have
confirmed our finding that one blood transfusion protects graft survival,
others have not (Opelz and Terasaki, 1978). This is another unexplained
discrepancy. Preliminary findings from our group suggest that one blood
transfusion is especially effective in the group of patients who received
a one-DR-antigen-mismatched graft (see below). Because Opelz’s patient
material is racially more heterogeneous than the Dutch material, this
observation might be relevant.

The mechanism by which blood transfusion protects graft survival
is unknown. In all probability, this mechanism is different when many
blood transfusions have been given as compared to the situation in which
only one or a few were given. Many blood transfusions will induce
cytotoxic HLA antibodies in many patients. Those who do not form
cytotoxic HLA-A and -B antibodies are so-called ‘‘nonresponders.”
Graft survival in this group is known to be good. The term nonresponder
is a misnomer, because these patients do form antibodies (anti-HLA-DR
or other) that might be enhancing (Iwaki et al., 1978; Thompson et al.,
1976). Those who have formed cytotoxic anti-HLLA antibodies will
receive kidneys from donors who lack the corresponding antigens. It is
assumed but not proven that such recipients cannot easily form immunity
against other HLA antigens, and thus incompatibility for these will not
influence graft survival.

This selection phenomenon cannot play a role when only one blood
transfusion has been given because in such cases, no antibodies or only
weak antibodies in only a few recipients are formed. Whether the
improved graft survival is due to the induction of suppressor cells, broad-
reacting enhancing antibodies, or another mechanism is as yet unclear.

In conclusion, almost everybody agrees that blood transfusion can
improve graft survival, but there is no agreement on the optimal number
of blood transfusions to be given, the time interval between blood
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transfusion and transplantation, or even the way in which the blood
should be prepared.

3. HLA-DR Matching

Almost from the beginning of clinical kidney allografting, evidence
has been accumulating that indicated that a low or negative mixed-
lymphocyte culture (MLC) test was indicative for good transplant prog-
nosis. This was in itself an important impetus to develop methods of
typing the HLA-D determinants, which are the strongest stimulus in the
MLC test (Transplantation Proceedings, 1977). The methods all used
the basic MLC test or variants of it. However, because the MLC test is
so time-consuming, it is suitable only for selection of living donor-
recipient pairs.

Thus, a method was developed that would allow rapid identification
of HLA-D-identical donor-recipient pairs and that could be applied to
cadaveric donors. A systematic search for antibodies that could recognize
the HLA-D determinants was begun. This effort was successful, and
antibodies were identified that allowed the recognition of HLA-D antigens
or determinants closely linked to them (Fig. 4) (van Rood et al., 1978).
The main topic of the 7th Histocompatibility Workshop was the recog-
nition of these so-called ‘‘HLA-DR determinants’’ (Histocompatibility
Testing 1977).

To assess the importance of HLA-DR matching in kidney transplan-
tation, DR typing was performed on peripheral-blood cells of the recip-
ient and frozen spleen cells from the corresponding kidney donor (Persijn
et al., 1978). Figure SA shows the influence of DR matching alone and
Fig. 5B the influence of DR matching combined with (partial) matching
for the HLA-A and -B antigens. Although the numbers are small and this
is a retrospective study, the study strongly suggests that (1) even
matching for one HLA-DR determinant can significantly reduce early
graft loss (cf. Fig. 1); and (2) matching for HLA-DR combined with
partial matching for the HLA-A and -B antigens might further improve
prognosis; and (3) matching for both DR antigens appears to result in
good graft survival as well, but here the numbers are too small for
meaningful conclusions.

Other groups have done similar studies. A summary of the total of
the published European data is presented in Table 1 (Ting and Morris,
1978; Martins-da-Silva et al., 1978; Albrechtsen et al., 1978). It is clear
that although the number of HLA-DR-identical grafts is small, they give
the highest percentage of functioning grafts in all series, and that the
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Figure 4. Results of testing of lymphocytes of 60 unrelated donors by homozygous typing
cells (HTC) and primed-lymphocyte typing (PLT) recognizing the HLA-D specificities
HLA-Dw1-38. Positive results are indicated by the stippled bars. The same panel was tested
by sera recognizing HLA-DRw1-7 and HLA-WIAS. Positive results are indicated by the
hatched bars. Note the excellent agreement of the results obtained with cellular (HTC and
PLT) and serological (HLA-DR serology) techniques for determinants 1, 2, 3, and 7. The
number of possible triplets is only one for HLA-DR, suggesting that HLA-DR determinants
might be coded for by one locus.
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percentage of functioning grafts in the two-DR-antigens-mismatched
group is the lowest. Problems arise with the one-DR-antigen-mismatched
group because it is often unclear from publications of others whether
these include potential incompatibilities or not (e.g., an HLA-DRwl/—
donor transplanted onto an HLA-DRwI/2 recipient). With this restriction,
the available data show that in the majority of transplants performed in
Europe, matching for two and also for one HLA-DR antigen improves
graft survival significantly. The improvement by matching for two HLA-
DR determinants was expected because earlier studies had shown that a
low or negative MLC test between parent—child or unrelated donor—
recipient pairs improved graft survival (Jeannet, 1970; Hamburger et al.,
1971; Cochrum et al., 1973). Although not all HLA-D- or -DR-identical
combinations lead to a negative or low MLC test, the majority do
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Figure 5A. Kidney-graft survival and matching for HLA-DR antigens alone. The top curve
represents grafts with one mismatch at the DR locus; the middle curve, DR-identical
grafts; the bottom curve, grafts with two mismatches at the DR locus. The figures above
the curves are the numbers of grafts at risk.
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Figure 5B. Kidney-graft survival and matching for HLA-A, -B, and -DR antigens. The top
curve represents DR-identical grafts with one or fewer mismatches at the A or B locus; the
middle curve, grafts with one or fewer mismatches at the A or B locus and one mismatch
at DR; the bottom curve, other grafts. From Persijn et al. (1978).

TABLE 1. DR Matching in Europe?

Zero DR One DR Two DR
mismatches mismatch mismatches
Source - Grafts (functional®/total)

Eurotransplant 6/7 37/42 18/30
Geneva 0/0 22/25 12/23
Oslo 2/2 15/24 14/31
Oxford 4/4 32/40 27/40

ToTALs: 12/13 106/131 71/124
92% 81% 57%

p = 0.60 p = 0.0002

¢ For references, see van Rood et al. (1979).
® At 6 months after transplantation.
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(Termijtelen et al., 1977), and this could explain the good results in the
HLA-DR-identical group.

On the other hand, combinations that are mismatched for one HLA-
DR determinant are always MLC-positive. Why is it then that grafts
mismatched for one HLLA-DR antigen do so well? From the point of
immunogenetics, this is of course heresy: a difference of an antigen
between donor and recipient has always been considered to be dominant
over sharing an antigen, and the first question we have to answer is
whether our observation that a one-DR-mismatched graft does so well is
correct.

Corroboratory evidence was obtained from a study by van Hooff et
al. (1974), who had already shown that matching between unrelated
individuals for an HLA-A and -B antigen combination in strong linkage
dysequilibrium with an HLA-DR determinant, such as the HLA-
A1,B8,DRw3 combination, was associated with an improved graft sur-
vival. The percentage of graft survival exceeded that obtained for the
overall survival in patients who were matched for two HLA-A and -B
antigens that were not in linkage dysequilibrium. Thus, in this situation,
donor and recipient were also matched, although indirectly, for one DR
antigen (and mismatched for the other), and this was associated with
better graft survival. There also exists corroborating evidence that one-
DR-mismatched grafts do well in the parent—child data. They do much
better than those differing by two DR antigens; in fact, in Holland they
do as well as HLA-identical siblings (Persijn, unpublished observations).
Others have made similar observations (Thompson et al., 1977a; Oliver
et al., 1972; Fotino and Allen, 1972; Cochrum et al., 1973; Belzer et al.,
1974; Dausset et al., 1974; Dausset and Hors, personal communications;
Hors et al., 1974; Stenzel et al., 1974, Festenstein et al., 1976).

These observations reinforce our finding that matching for only one
DR determinant can significantly improve graft survival. It is also clear
that the data available are limited and in part retrospective and that
prospective trials are indicated. This will be one of the main topics in the
forthcoming 8th Histocompatibility Workshop. This is especially urgent
because data from Los Angeles (Terasaki) and more recently from
European studies have failed to show a significant improvement of graft
survival in the one-DR-antigen-mismatched group. We cannot yet ex-
clude, of course, the possibility that it is not DR we should match for
but another closely linked locus, e.g., HLA-D. Interracial transplants
will be very useful in evaluating this (Troup et al., 1978).

It should be stressed that with the exception of two individuals, all
the recipients in this study who received a kidney mismatched for one
DR determinant had been transfused. Although this might be an important
prerequisite, conflicting data exist on this point. Swedish workers found
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that graft survival in parent—child combinations was good only if the
recipient had been transfused before transplantation (Brynger et al.,
1977). The Dutch data are consistent with this, although a control group
of nontransfused recipients is lacking. By contrast, Solheim et al. (1977)
and Opelz and Terasaki (1978) did not find a graft-protecting effect of
blood transfusions in parent—child combinations, and furthermore Morris
claims that the beneficial effect of DR matching is most clear in the
nontransfused group (Morris, personal communications).

In an attempt to clarify the mechanism by which matching for one
or two DR determinants overrides the effect of incompatibility for other
antigens, we investigated whether these findings on DR matching and
graft survival had an in vitro correlate. Both MLC tests and cell-mediated
lymphocytotoxicity (CML) tests (after in vitro priming) were studied.
Lymphocytes were taken from patients 3—18 months after transplanta-
tion, and these were reacted with the splenocytes from their specific
kidney donor, which had been stored in liquid nitrogen. The lymphocytes
of slightly more than half the patients who had functioning grafts had a
negative CML test, while they were reactive with lymphocytes from
random donors. We could actually show that the CML test changed from
positive before transplantation to negative after transplantation (Fig. 6).

Our findings show striking similarity to observations of Thomas et
al. (1977), who studied CML reactivity in parent—child combinations,
and of Wonigeit and Pichlmayr (1977), who studied cadaveric-kidney-
transplant recipients. The new data from these longitudinal studies
presented here show that the increment of percentage kill against donor
as measured in CML can be negative a few weeks and not many years
after transplantation. In other words, a decreasing CML may be associ-
ated with good survival and an increasing CML with poor survival.

Although our preliminary studies suggested that CML nonreactivity
occurred most frequently in the one-DR-mismatched group, our recent,
more extensive, data have failed to confirm this. In other words, CML
nonreactivity and DR matching appear not to be significantly associated.

In summary, the current picture emerges as follows:

1. Matching, for two and for one DR determinant improves graft
survival to about 80% at 1 year. It should be stressed that almost
three fourths of our patients were grafted with a kidney that
carried zero or one HLA-A or -B mismatch only. Our data suggest
that DR matching reinforces but does not replace HLA-A and -B
matching.

2. A fall in donor-specific CML develops in at least half the patients
following transplantation. The origin of this phenomenon is under
study.
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Figure 6. Longitudinal CML study after a planned blood transfusion (V) and kidney
transplantation. Top: CML reactivity against the specific kidney donor; bottom: percentage
lysis against a control cell. The follow-up time in days is on the abscissa.

4. Incompatibility for Non-HLA Determinants

Incompatibilities for determinants outside HLA will influence graft
survival as well. The first example of this was the deleterious effect of
ABO-blood-group incompatibility on graft survival (Starzl et al., 1964).
More recently, French workers have noticed that kidneys transplanted
in Lewis-blood-group-negative recipients have a poorer prognosis than
Lewis-positive recipients, presumably because of incompatibility for the
Lewis system (Oriol et al., 1978). This observation could explain why
grafts from Caucasoid donors, who have a high frequency of Lewis-
positive individuals, do so poorly if transplanted in patients of negroid
descent, who are often Lewis-negative.

Very little attention has so far been paid to cell- or tissue-line-
specific systems outside that of the HLA-DR antigens. However, Moraes
and Stastny (1977) have identified a multiallelic system that occurs on
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both endothelial cells and monocytes (Table 2). Paul et al. (1979) and
Claas et al. (1979) have independently identified similar antibodies and
have shown that these play in all probability an important role in rejection
of both kidneys (Table 3) and bone-marrow grafts (Table 4). Little is yet
known of the precise conditions under which these antibodies can be
formed, but they can arise after repeated transfusions or kidney-graft
rejection, or both. It is also uncertain whether the locus or loci coding
for the determinants recognized by them lie in or near the HLA complex,
but Thompson et al. (1977b) have identified a polymorphic locus not
linked to HLA coding for determinants on monocytes, endothelial cells,
and neutrophils. Now that the technical difficulties originally met in the
recognition of the monocyte antigens have been solved and their clinical
relevance has been established, it will not take long before a more
complete description of the system will be possible.

Another point that has to be taken into account is that of MHC
restriction, which is dealt with more fully in Chapter 3. In brief, MHC
restriction implies that incompatibility for a non-MHC determinant will
be recognized by the recipient only if donor and recipient share at least
part of the HLLA-A and -B determinants. To describe this, the term *‘dual
recognition”” was coined, by which is meant that both the non-MHC
determinant and the self HLA-A or -B antigens have to be recognized on
the target cell (Zinkernagel and Doherty, 1974; Shearer, 1974). The dual-
recognition phenomenon was first described in the mouse, but it has also
been shown to exist in man. The non-MHC determinants concern both
intrinsic determinants such as H-Y and extrinsic or acquired antigens
such as those of choriomeningitis or influenza virus.

MHC-restricted immunity against H-Y has been shown in the mouse

TABLE 2. Presence of E Antigens in
Endothelial (E) Cells and in Adherent Cells
from Peripheral Blood?

Results of cytotoxicity tests

Adherent Nonadherent
Sera tested E cells monocytes lymphocytes

Experiment 1

G.B. 50 60 10
R.G. 70 80 10
W.W. 60 40 10
C.S. 75 80 10
E.W. 90 70 10
V.S. 80 65 10

% From Moraes and Stastny (1977).
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TABLE 3. Incidence of Circulating
Endothelial Antibodies (CEAD) in 97
Consecutive Allograft Recipients?

CEAb
Clinical results Present  Absent

Irreversible vascular 7 5

rejection in less than

50 days
Graft survival for more 20 74

than 50 days
Nonimmunological failure 0 9

9 88

¢ Adapted from Paul er al. (1979). Two patients are
excluded, one because of ABO incompatibility and
another because donor kidney tissue was not available.
» CEAD present during rejection episodes.

skin-graft model to be a transplantation barrier of medium strength (von
Boehmer et al., 1977; Hurme et al., 1978). In man, it has been shown
that MHC-restricted anti-H-Y immunity can occur in vivo and in vitro
using an indirect CML assay. It is of interest that so far MHC restriction
has been found only for the HLLA-A2 and -B7 antigens, which belong to
the most immunogenic antigens of the HLA system. That this HLA-
restricted anti-H-Y immunity is of clinical importance is not definitively
proven, but suggestive evidence supporting this notion has been pre-
sented for both kidney and bone-marrow allografts (Table 5) (Storb et
al., 1977; Goulmy et al., 1978). So far, such information is available only
for H-Y in man, but it is likely that this will be true for other non-MHC
determinants as well, as has been discussed by one of us (Bradley and

TABLE 4. Correlation between the
Presence of Antimonocyte Antibodies
in the Serum and Rejection of the
Bone-Marrow Graft?

Rejection

Antimonocyte
antibodies (TCF)?

- 0 11
p = 0.02

¢ From Claas et al. (1979).
» (TCF) Two-color fluorescence.
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TABLE 5. Two-year Actuarial Cadaveric-Renal-
Graft Survival in Eurotransplant Patients: Sex and
HLA-A2 Data for Male Donors and Female

Recipients?
Leukocyte-antibody-positive group
Donor: A2-positive  A2-negative
T p
Recipient:  A2-positive  A2-negative
38% 58%
1.96 0.05
N = 48 N = 50°
Leukocyte-antibody-negative group
57.9% 61.0%
0.24 0.8
N = 53 N = 53

% From Goulmy et al. (1978).
b At risk after 2 years.

Festenstein, 1978; Bradley, in prep.). An effect on graft survival of these
non-MHC incompatibilities will be present only if donor and recipient
share at least some of the HLA-A or -B determinants. In other words, if
donor and recipient share none of the HLA-A or -B determinants, the
effect of these determinants might be negligible. This could explain why
grafts mismatched for three or four HLA-A and -B antigens sometimes
do relatively well. These individuals, although mismatched for HLA-A
and -B, would suffer no adverse effect from non-HLA incompatibilities
if these show MHC restriction. In contrast, recipients of grafts well
matched for HLA-A and -B would recognize most of the HLLA-A- or -B-
restricted minor histocompatibility antigens.

All this concerns dual recognition in which a non-MHC and an
MHC determinant participate. There is, however, no reason to exclude
the possibility that dual recognition could also exist between two different
classes of MHC determinants. A good case in point is the targets of the
CML reaction in HLA, the so-called ‘‘CD determinants.”’ Preliminary
studies indicate that these are closely associated with the HLLA-A and -
B determinants but not identical to them (Fig. 7). That this is indeed a
case of HLA-B restriction is suggested by the fact that not a single
positive reaction was found if neither Bw35 nor Bw53 was present. We
assume that to recognize these CD determinants, either Bw35 or Bw33
must be present. The MHC-restricted non-HLA determinants have been
named by Bradley the histocompatibility-associated membrane or (HAM)
minor antigens; the MHC-restricted HLA determinants, the HAM major
antigens (Bradley and Festenstein, 1978).

We have discussed the role of dual recognition in connection with
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HLA antigens Cytotoxic effector cells
Panel Bw53 Bw35 Anti-S1  Anti-S2
1 - [+ 43 -2
2 - + 42 -2
3 — + 46
4 - + 46 0
5 - + 43 -1
6 - + 43 -2
7 - + 8 7
8 - + 57 2
9 - + 41 0
10 - + 34 2
11 - + 31 2
12 = + 41 1
13 - + 40 2
14 - + 43 1
15 - + 37 1
16 - + 39 -2
17 - + 50 5
18 - + 48 0
19 - + 46 1
20 - + 20 35
21 - + 50 23
22 - + 1 19
23 - + 2 15
24 + 7 28
25 + 3 22
26 + + 27 3
27 + |+ ] 45 1
28 + - 24 2
29 + - 21 3
30-70 - 0-9 0-5

Figure 7. Non-HLA-B CML killing. Cytotoxic effector cells (anti-S1 and anti-S2) were
raised in vitro between siblings of one family. It was expected that these cells would react
with Bw35-positive individuals. It turned out that they did so only in part. The donors
carrying the determinants recognized by anti-S1 and anti-S2 were always Bw35- and/or
Bw53-positive, but the patterns of reactivity obtained with the cytotoxic cells were not
identical with the serologically recognized Bw35 and BwS53 or any other HLA antigen. The
lymphocytes of donors who were negative for the Bw35 and/or Bw53 antigens were not

lysed.

the HAM minor and major antigens so far only in relation to the effector
phase of the homograft response. That is the only part for which some
limited evidence is available.

MHC-restricted immunity against non-HLLA and HLA determinants
does not occur spontaneously; in other words, it must be induced in
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vivo. Almost no systematic information is available on the conditions
under which MHC-restricted immunity can arise, but it is assumed that
this stimulus must be strong; i.e., it will occur only after many blood
transfusions or graft rejection, or both. In practice, this means that
MHC-restricted immunity will arise only when the recipient is repeatedly
challenged with MHC and non-MHC incompatibilities, in which the
MHC incompatibilities provide ‘‘help’” for the recognition of the non-
MHC incompatibilities.

5. Discussion and Conclusions

We certainly have not been able to give an all-encompassing answer
to the question why some poorly matched kidneys survive so well, but
we have made a preliminary inventorying of the different factors other
than HLA-A and -B matching that (might) influence graft survival.

In our opinion, blood transfusion is one of the prime variables. Even
after a single pretransplant blood transfusion, the homograft reaction
seems to be significantly weakened. The mechanism by which this occurs
is unclear, but could be due to the induction of an (aspecific?) suppressor
cell (Thomas et al., 1977) or to the activation of cell clones that are
capable of forming enhancing antibodies, or to both. On first sight, it
might seem improbable that a single blood transfusion would be capable
of inducing antibodies that would be able to enhance the survival of
kidney grafts from almost any donor. Immunization against the deter-
minants of a single locus, e.g., HLA-DR, is incompatible with the
induction of such broad-reactive enhancing antibodies (van Rood et al.,
1979). However, if we take the MLC inhibition test as an in vitro
analogue of in vivo enhancement, then a possible explanation offers itself
(Albert, personal communication; Bach, personal communication). Jon-
ker and van Rood (1978) and Albrechtsen et al. (1977) have shown that
not only anti-DR but also anti-HLA-A and -B antibodies can inhibit the
MLC reaction. The question then becomes what the chance is that a
blood-transfusion donor will differ for one of the HLA-A, -B, -C, or -DR
antigens with the recipient, while sharing it with the kidney donor.
Assuming that cross-reacting antigens can be counted as one, then it can
be calculated that in about 75% of the recipients of one blood transfusion,
the blood-transfusion donor will share a cross-reacting HLA-A, -B, or -
DR antigen with the kidney donor, while this antigen is absent in the
recipient. This percentage of ‘‘enhanced’ grafts can be added to the
20-30% of the grafts that do well even if no blood transfusion is given
and would then result in the high percentage of well-functioning grafts
we have indeed found. This hypothesis is open to experimental proof,
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because one would expect that such antibodies would be detectable. We
have not been able to demonstrate their presence with the complement-
dependent cytotoxicity test, but because more sensitive test systems
have not yet been tried, their existence cannot be formally excluded.

If only one blood transfusion is given, we assume, but again have no
hard data to evidence, that immunization against MHC-dependent or
independent non-HL A antigens will not frequently occur. There are as
yet insufficient data to assess the importance of (partial) matching for
HLA-DR in the nontransfused patient or after only one blood transfusion.

If, on the other hand, many blood transfusions have been given
before transplantation, immunity against HLA and non-HLA determi-
nants will often ensue, and depending on the match of donor and
recipient, this will influence graft survival. In our patient material, partial
matching for HLA-DR improves graft survival significantly in this group
of patients. CML nonreactivity can develop in a period of weeks
posttransplantation independently of the DR match. This CML nonreac-
tivity might be due to the induction of suppressor cells or clonal
inactivation or both.

Many of the still-existing discrepancies might disappear if full char-
acterization of the antibodies formed after blood transfusion were carried
out routinely. This can be quite difficult and is certainly not possible if
only a standard complement-dependent cytotoxicity test is used. It is
depressing to come to the conclusion that more than 20 years after it was
shown that non-complement-binding antibodies can cause enhancement
instead of graft rejection, almost all centers study their patients’ sera
only with complement-dependent cytotoxicity assays. A complete anal-
ysis of the methods that should be used to detect antibodies in the sera
of transplant recipients and to determine their specificity has yet to be
made. Such an analysis will, apart from the technical problems, also be
hindered by our incomplete knowledge of the immunogenetics of the
HILA and especially the non-HLA systems. A beginning of the invento-
rying of the non-HLA systems that are relevant in kidney transplantation
and the way they exert their influence has been made. It should be
stressed that it is so far only a beginning.
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Histocompatibility Antigens and
Susceptibility to Disease—Genetic
Considerations

Lars P. Ryder, Per Platz, and Arne Svejgaard

1. Introduction

Since the discoveries in 1972 by Russell et al. (1972) and Falchuk and
Strober (1972) that psoriasis and coeliac disease are strongly associated
with certain HLA antigens, it has become clear that the HLA system is
involved in the etiology or pathogenesis, or both, of a variety of diseases.
These relationships between HLA and disease are of considerable clinical
and theoretical importance because they provide new ways for the study
of etiology, genetics, and nosology of HLA-related diseases, and in a
few cases they may have diagnostic and prognostic implications. One of
the most fascinating aspects of this research involves attempts to estab-
lish the mechanisms by which HLA confers susceptibility or resistance
to disease. Such mechanisms have been dealt with in detail abundantly
elsewhere (Dausset and Svejgaard, 1977, McDevitt and Bodmer, 1972;
Svejgaard et al., 1977). However, at this time, there have been very few
definite explanations established for the HLLA-disease associations. Ac-
cordingly, in this survey, we shall focus solely on a somewhat more
neglected field: the contribution of HLA studies to our knowledge of the
genetics of diseases. First, we shall give a general concept of genetic
disorders and discuss how studies of genetic markers may help determine
the mode of inheritance of disease susceptibility and resistance. Next,
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we shall summarize the present knowledge about HLA and disease
associations and finally describe examples that illustrate how this knowl-
edge may guide our interpretation of disease-inheritance patterns.

2. General Considerations

All diseases are genetic in the ultimate sense that gene products are
involved in all disease processes in all organ systems, but when discussing
the genetic background of a disease, we shall consider as genetic only
those disorders in which the genetic variability within the human species
plays a role in the variability in the manifestations of that disorder
(Roberts, 1970).

Familial clustering has usually been the first observation suggesting
a genetic element of a disease, but probably all diseases are influenced
by environmental factors, although there are enormous variations, and
relatives also share environmental factors. At one end of the spectrum,
we have the completely genetic diseases, on which the environment has
little effect; i.e., given the genotype, the phenotype will always be
expressed. However, even in the case of such diseases, environment or
other genes may influence the development of disease.

At the other end of the spectrum we have diseases by which virtually
all individuals will be affected if exposed to the proper environmental
factor; i.e., any genotype will express the diseased phenotype. Examples
are some infectious diseases such as rabies and measles. Again, other
environmental factors or the genotype may modify the phenotype, as
does malnutrition in measles infections.

The majority of diseases fall between these two extremes, and with
a few notorious exceptions, this is also true for the diseases that have
been found to be associated with HLA. They usually show familial
clustering but no clear mode of inheritance, suggesting that environmental
factors are also involved. In general, it may be stated that these not
completely genetic disorders are not inherited as such: it is the various
degrees of susceptibility and resistance that are inherited.

Simple Mendelian inheritance operates with the classic all-or-none
concepts of dominant and recessive expression of genes, which in turn
gives rise to the Mendelian segregation ratios in families and the Har-
dy—Weinberg predictions at the population level (Cavalli-Sforza and
Bodmer, 1971; Li, 1961). In our context, let us consider a disease with
a simple Mendelian inheritance governed by a disease locus with two
alleles d and D. A simple dominant inheritance (let D be the dominant
allele) would thus mean that all individuals of the genotypes D/d or D/D,
and only these individuals, get the disease, while in the recessive
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Mendelian case, all individuals of the genotype d/d, and only these
individuals get the disease.

The relative incidences of the disease in different groups of relatives
to the propositi have often pointed toward a mode of inheritance: (1) the
same relative incidence in parents, siblings, and children is found in the
dominantly inherited diseases; and (2) a higher incidence in siblings than
in both parents and children is suggestive of the recessive mode of
inheritance.

Only a minority of the more common diseases with a genetic
component show a simple Mendelian inheritance, and a wide variety of
more and more complex genetic models have been put forward to explain
the apparent non-Mendelian inheritance of the remaining diseases.

Some of the models are elaborations of the Mendelian theme, but
involve the combined action of Mendelian genes at different loci. This
kind of inheritance may be called complex Mendelian as opposed to
simple Mendelian inheritance. Other models consider the manifestation
of disease as a result of a continuous variable, a liability, exceeding a
certain threshold, and the genetic models are formulated to predict the
quantitative inheritance of this liability in terms of the combined effects
of multiple factors (Cavalli-Sforza and Bodmer, 1971; Falconer, 1965).
An obvious difficulty with these models is that the liability is usually not
a measurable quantity, but a mathematical abstraction.

If genes at many loci are supposed each to give a small contribution
to the determination of the liability, the inheritance is called ‘‘polygenic’’
or ‘‘multilocal,”” while the narrower term ‘‘oligogenic’’ or ‘‘pauci-local’’
is used when only a few loci each exert a major effect (Elston and Rao,
1978). The broader concept ‘‘multifactorial’’ covers involvement of both
environmental and genetic factors.

Common to these threshold models is the property that even the
knowledge of an individual’s genotype at the relevant loci does not tell
whether the individual will get the disease, but it may indicate the risk
that he will get the disease (which is related to the penetrance of the
genotype concerned).

This would also be the situation in the complex Mendelian case if
the genotype was known for only a part of the relevant loci, and often
the consequences of the two kinds of models are indistinguishable (Smith,
1971). Only studies of the concordance rate between monozygous twins
would allow discriminating between the models, because complete con-
cordance should exist only for the Mendelian diseases, whether simple
or complex. Noncomplete concordance reflects the involvement of en-
vironmental factors.

Despite the generality of these models, they have apparently not
contributed decisively to solving the genetics of many common diseases
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such as diabetes mellitus. This is due partly to insufficient data—a
thorough analysis requires large bodies of very complete data on familial
segregation and population occurrence of the disease—and partly to
computational difficulties. The use of genetic markers, such as blood
groups, can in some instances greatly help to reduce both the stringent
requirements of the data and the amount of computation needed to obtain
insight into the mode of inheritance (Edwards, 1955). The efficiency of
the various marker systems varies greatly and increases in general with
increasing numbers of alleles and increasing proportions of heterozy-
gotes. This is why the HLA system is for the moment one of the most
efficient marker systems, both at the level of the individual HLA loci
and, for some applications, even more so when considering HLA hap-
lotypes. Moreover, the role of the HLA system in many immune
responses makes it even a good candidate as a causal factor in diseases
with ‘‘aberrant’’ immunity.

In general, it is entirely unknown whether the HLA factors known
to be associated with a disease are themselves responsible for the disease
susceptibility or whether these known HLA factors show association
only because they are controlled by genes in linkage dysequilibrium with
other genes controlling as yet unknown factors directly involved in
disease susceptibility.

As long as this uncertainty endures, we may view the influence from
the HLA system as a risk factor of the disease for each HLA genotype.
This risk factor must thus take into account both the situation of a
disease-susceptibility locus in linkage dysequilibrium with the HLA
factors and the conceivable direct disease-disposing action of the HLA
factors.

Various approaches have been taken to utilize the efficiency of the
HLA markers in studies of the inheritance of disease:

e Association of disease at the population level

e Distribution of HLA phenotypes within patient samples

e Proper formal linkage and segregation analysis on pedigrees
e Distribution of HLA identity among pairs of affected siblings

We shall discuss briefly the information given by each of these methods
and their limitations.

2.1. HLA Association at the Population Level

This is generally investigated by HLA typing a random sample of
patients with a given diagnosis and concurrently a sample of normal
individuals from the same homogeneous background population, i.e., a
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case-control study. The numbers of individuals positive or negative for
the various antigens are counted in the two groups. For each antigen,
these figures are compared in a 2 X 2 contingency table yielding an
estimate of the relative risk and a statistical significance. If several
independent association studies have been performed, these 2 X 2 tables
for each antigen can be subjected to a combined analysis giving the
weighted overall relative risk and the statistical significance of its devia-
tion from unity, and a test can be done on the heterogeneity among the
individual 2 X 2 tables (Woolf, 1955; Haldane, 1956; Ryder and
Svejgaard, 1977).

This is, of course, a rather crude way of analyzing such data, but it
is often the only practicable way and often the data are given only in this
form in publications. Another statistical approach has been proposed
(Smouse and Williams, 1978) that in a stepwise procedure provides first
a broad test of disease association with the HLA complex that, if
significant, may be further analyzed to see whether this is due to a single
allele. In this method, every individual is scored twice, corresponding to
each of the two alleles. Strictly, this requires data on the genotypes of all
investigated individuals, but phenotypes can be used if one can assume
a negligible null-allele frequency. The method has another drawback in
that it is not easily extended to a combined analysis on several case-
control studies.

The mere observation of an HLA association indicates the existence
of a disease-susceptibility (DS) locus (or loci) of major effect within the
HILA system or in linkage dysequilibrium with the HLLA markers, but it
does not give information on the actual mode of inheritance: unilocal,
pauci-local, or multifactorial; dominant or recessive.

2.2. Distribution of HLA Phenotypes within the Patient Sample

This can provide hints on the mode of inheritance because, as
described below, for the one-DS-locus model with two alleles, only a
completely recessive inheritance of the disease is compatible with a
Hardy-Weinberg equilibrium among the patients, irrespective of the
penetrance.

When sampling a group of normal individuals from a panmictic
population, the distribution of phenotypes follows the Hardy —Weinberg
equilibrium: the proportion of individuals with a given phenotype is
determined by the probability of ascertaining from the general population
individuals of genotypes corresponding to the phenotype (allowing for
null-alleles and super-/subtypic relationships). In the general population,
the frequency p(a;, a;) of a genotype a;, a; can be found by little algebraic
manipulation from the expression [p(a,) + p(a,) + . .. ]?* by identifying



284 LARS P. RYDER ET AL.

the terms involving p(a;) and p(a;). This expression is the heart of the
Hardy-Weinberg law; in fact, any expected pattern that can be expressed
in this form can be said to have a Hardy-Weinberg structure.

When sampling a group of patients with a disease associated with
some HLLA markers, the expected distribution of HLA genotypes de-
pends on the underlying genetic model of the disease susceptibility.

Let us assume the existence of one DS locus with two alleles d and
D in linkage dysequilibrium with HLA, and let us for simplicity consider
only a single HLA locus with three alleles a,, a,, as.

At the DS locus, three genotypes are possible: d/d, d/D, and D/D.
Each of these occurs with a certain frequency in the population and each
has a certain probability of disease (penetrance):

Frequency in
DS genotype population Penetrance

did pid) fo
d/D 2p(d)p(D) fi
D/D piD) fa

The frequency, F ), of disease in the population is thus given by F,
= fop¥d) + fi2p(dp(D) + f, pAD), and patients ascertained randomly
through their disease are distributed correspondingly with respect to
genotypes at the DS locus. Each of the three genotypic classes at the DS
locus can be further partitioned with respect to the HLA-marker geno-
types by inserting p(d) = p(a,, d) + p(a,,d) + p(as, d) and p(D) =
play,D) + p(a.,D) + p(as,D) into the expression for Fj, and the expected
genotype proportions at the marker locus are found by isolating the
respective terms.

When f, = f; = 0 and 0 < f, < 1 (i.e., complete recessivity with
complete or incomplete penetrance), it follows that F,, = f, pAD) =
fiolp(ay,D) + p(ay,D) + p(as,D)])?, which implies that in the sample of
patients, the Hardy—Weinberg structure will be expected at the marker
locus, but the expected proportions will involve the marker-DS haplotype
frequencies and thus differ from those in the general population due to
the linkage dysequilibrium between the marker and DS alleles.

In the case of any other combination of values for f,, fi, f>, the
marker genotypic proportions cannot be expressed in quadratic form and
the Hardy—Weinberg structure will not be expected among the patients
except for the two trivial cases: (1) if f, = f; = f,, i.e., no genetic
influence by the DS locus; and (2) if there is no linkage dysequilibrium
between the markers and the DS alleles.

The completely recessive hypothesis can be tested by computing the
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goodness of fit chi-square between the observations and the expected
Hardy -Weinberg proportions by standard methods. This test has defi-
ciencies: (1) it is not very efficient because quite large numbers of
individuals may be required to obtain a valid test; and (2) deviations
from the Hardy—-Weinberg expectations may have several causes, e.g.,
serological pitfalls, population stratification. Thus, it would probably be
wise to investigate both a sample of normal controls and the patients
simultaneously by identical methods to exclude such systematical errors.
Also, if more than one DS gene is involved in the susceptibility, it may
become more difficult to distinguish the situation from recessivity.

2.3. Linkage Studies

Studies of linkage between HLA and simple Mendelian disorders
are very efficient due to the pronounced polymorphism of HLA. For
such disorders, even families with one affected member may provide
information. However, the task of performing a sound analysis of linkage
between HLA and the DS locus for a not completely genetic disease (as
are most of the HLA-associated diseases) is far from straightforward.
The reasons for this may be worth mentioning without going into the
theory of linkage analysis, for which the reader is referred to the
following references: Cavalli-Sforza and Bodmer (1971), Hill (1975),
Lange et al. (1976), Ott (1974, 1978), and Smith (1975). An efficient
linkage analysis of such diseases requires data on whole families with
two or more affected members. This may in itself be a problem for the
rare disorders and introduces the possibility of a classic ascertainment
bias if the chance of a family’s being included in the analysis depends on
the number of affected members. The ascertainment bias may be com-
pensated if it is known exactly how this chance is a function of the
number of affected members. The validity of the analysis depends on the
validity of this correction, but it seems difficult to devise a test of the
validity of the correction. One way to overcome the ascertainment bias
is to have a complete ascertainment of all affected individuals in a well-
defined population.

Another problem arises because a characteristic of the not complete-
ly genetic diseases is a reduced (or incomplete) penetrance; i.e., an
apparently healthy individual may have the ‘‘disease genotype,’’ and this
will of course seriously blur the familial pattern, and necessitates com-
plicated mathematical treatment of the data. A related complication
occurs for diseases with a variable age of onset: an individual scored as
nonaffected at the time of investigation may develop the disease later.

These reservations are especially pertinent when attempts are made
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to estimate the genetic map distance between the marker HLA loci and
the supposed DS locus.

2.4. Affected Sibpair Method

This method is a less pretentious way of merely demonstrating
genetic linkage without estimation of the map distance (Day and Simons,
1976; Thomson and Bodmer, 1977; Suarez, 1978). Simple Mendelian
inheritance of the HLA markers predicts (see Table 1) that a pair of sibs
have the following probabilities: p = 1/4 of sharing no parental HLA
haplotypes, p = 1/2 of sharing exactly one parental haplotype, and p =
1/4 of sharing both parental HLA haplotypes (i.e., they are HLA-identical
by descent).

When a sibling sample is ascertained through both being affected by
a given disease, deviations from these proportions may occur if a DS
locus is closely linked to the HLA -marker loci. The statistical significance
of the deviation can readily be evaluated by a chi-square test.

It might intuitively be seen that for a very low DS-allele frequency
P, all sibpairs affected with a simple recessive disease are expected to
be HLA-identical by descent (due to the extreme polymorphism of HLA,
it is very rare to see the segregation of two different haplotypes carrying
the same set of alleles within one family). Among sibpairs with a simple
dominant disease, 50% are expected to be identical and 50% to share
one HLA haplotype. With increasing P, it becomes more and more
likely that several different HLA haplotypes within the same family carry
the DS allele and thus give rise to HLA-nonidentical affected sibpairs.

Under the assumption of simple inheritance, further information can
be gained from such data. It has been shown (James, 1971; Suarez, 1978)
that the magnitudes of the proportions in general depend on (1) the gene
frequency P, of the disease allele in the general population and (2) the
penetrances (fy, f1, f>) of the three possible genotypes at the DS locus (0,
1, or 2 disease alleles present), i.e., the mode of inheritance.

It has been pointed out (James, 1971; Suarez, 1978) that because the
three proportions depend on four factors, it should be possible to find
infinitely many combinations of values for the four factors that can
completely fit the data (not all solutions may be reasonable, because only
parameter values between 0 and 1 are allowed). However, if, for example,
a certain mode of inheritance is assumed (i.e., if f,, f;, and f, are fixed),
the expected proportions depend only on P,, and it will not always be
possible to fit the observed values. On the other hand, it can then be
tested whether any value of P, gives an acceptable fit, and the P, giving
the best fit may be found by various methods (by maximum likelihood or
almost equivalently by minimizing the chi-square).
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Special attention has been focused on two modes of inheritance:
completely recessive susceptibility with reduced penetrance and com-
pletely dominant susceptibility with reduced penetrance. In the complete-
ly recessive model, only individuals homozygous for the disease allele
have any risk of disease (f, = f; = 0, f, > 0), while the completely
dominant model states that individuals carrying one or two disease alleles
have equal risk of disease and those carrying no disease allele have no
risk of disease (f, = 0, f; = f, > 0). In both these special cases, the
expected proportions are independent of the values of the nonzero
penetrances because they cancel out in the expressions for the propor-
tions, which thus depend only on P, the gene frequency of the disease
allele (Table 1).

This sibpair method can with a little effort be expanded to include
sibships of any size.

It should be noted that the above approach will give misleading
results if recombinations occur between the HLA markers and the DS
locus and if the penetrance differs between sexes.

Before leaving this section, we should mention the problem of

TABLE 1. Segregation of HLA Haplotypes in Pairs of Affected

Sibs?
Expected proportion of sibpairs sharing i HLA
haplotypes®
Model i=0 i=1 i=2
No relationship 1 2 1
between disease
and HLA
One DS locus with 1 -8 2 -8 1+,
two alleles,
closely linked to
HLA
Completely P, 2P, 1
recessive case
Completely Py4 - 4P, + 2+ 2P (1-Pp 2-Py
dominant case Py

¢ The deviations 8, are dependent on: P, the gene frequency of the susceptibility
allele D; f,, the risk of being affected for a genotype with no D’s; f,, the risk of
being affected for a genotype with one D; f,, the risk of being affected for a
genotype with two D’s.

Two simple special cases have been treated: (1) completely recessive sus-
ceptibility: fo = fi = 0y 0< f, < 1; (2) completely dominant susceptibility:
fo = 0,0 < fi = fi = 1. In both these cases, the deviations §, from
the segregation ratio 1 : 2 : 1 depend exclusively on P,. For a very rare
disease, P, = 0, the ratios are the well-known 0: 0: 1 [(1) aboveland 0:1: 1
[(2) above], while for increasing P, the deviations §; decrease and become zero
for P, = 1.

b §,=0,i=0,12.
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disease heterogeneity, i.e., the phenomenon that apparently identical
diseases or conditions may be caused by different genes (genocopies) or
solely by environmental factors (phenocopies). If this is the case, the
results of family studies should be interpreted with caution because
familial cases may not be representative of all cases in the population.
However, the HLA association may help solve this problem because it
can be investigated whether the association is of the same order in
familial and in sporadic cases. None of the associations between HLA
and disease is absolute (for example, about 109% of patients with anky-
losing spondylitis do not carry HLLA-B27). In the enthusiasm over the
associations, the absence of the disease marker in some patients is very
often explained by the existence of as yet unknown HLA factors.
However, one should not forget the possibility that an HLA-associated
disease perhaps could develop in some patients irrespective of the HLA
polymorphism.

3. Relationships between HLA and Specific Diseases

Table 2 summarizes most of the positive findings from HLA and
disease studies in Caucasians. The data have been extracted from the
third report of the HLA and Disease Registry (Ryder et al., 1979). It
appears that a variety of different diseases are associated with various
HILA antigens. Most of the associations are very highly significant, but
a few have p values higher than 10-®> and may be due to chance
deviations. The strengths of the associations, as expressed by the relative
risk, vary from zero (no risk) for diabetes in Dw2-positives through 1.2
(slightly increased risk) for Hodgkin’s disease in B8-positives to 87.4 for
ankylosing spondylitis in B27-positives. The B27 antigen is associated
with various arthropathies, but not with rheumatoid arthritis, which
shows an increase of HLA-D/DRw4. The HLA-D/DRw3 antigen(s) is
associated with a number of diseases, most of which are characterized
by some element of ‘‘aberrant” immunity, if not autoimmunity. At the
time of writing, it is uncertain whether it is the HLA-D/DRw3 antigen
itself that confers susceptibility or another still unknown HLA factor that
is associated with D/DRw3 in the population. It is of interest to note that
some of the D/DRw3-associated diseases are associated with other D
factors in Japanese. This might indicate that it is still unknown HLA
factors that are more directly involved. In contrast, the B27 associations
have been seen in all ethnic groups studied.

In the following sections, we shall give some examples illustrating
how relationships between HLA and disease may clarify the inheritance
of disease. The first two conditions (C2 deficiency and congenital adrenal
hyperplasia) were known in advance to be simple Mendelian recessive,
but are included for the sake of completeness.
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3.1. Complement Factor 2 Deficiency

This is a simple Mendelian recessive trait (for reviews, see Lach-
mann and Hobart, 1978; Jersild et al., 1977). It is not a disease as such,
but merely a condition that may or may not lead to overt diseases such
as glomerulonephritis, lupoidlike syndromes, or severe infections. The
heterozygous carriers can usually be detected by special laboratory
investigations showing decreased levels of complement factor 2 (C2) in
their blood. The condition is most easily explained by the existence in
the population of a ‘‘blank’” or amorph C2° gene that has no detectable
gene product. HLA family and population studies have established two
important facts: (1) C2 deficiency is closely linked to HLA and (2) there
is a strong association between the C2° gene on the one hand and the
HLA-Dw2, BIS, and A25 genes on the other, with the strength of
association decreasing in the order of HLA genes mentioned. Indeed, it
is striking to note that the association between C2 deficiency and Dw?2 is
one of the strongest associations observed between an HLA factor and
a condition even though C2° and Dw?2 are not identical. This illustrates
the necessity of caution when attempts are made to extrapolate from the
strength of an association to a causative role for a disease-associated
factor. In the general population, there is striking linkage dysequilibrium
among A25, BI8, and Dw2, although this is not a frequent haplotype. It
is tempting to speculate that the mutation giving rise to the C2° gene
took place on an A25, BI8, Dw2 haplotype and that it has slowly been
removed from the A25 and BI8 genes by crossing over. It has been
calculated that this hypothetical mutation took place about 1700 years
ago (Svejgaard and Ryder, 1979).

3.2. Congenital Adrenal Hyperplasia Due to 21-Hydroxylase
Deficiency

This is another simple Mendelian recessive condition closely linked
to HLA (Dupont et al., 1977). It may appear as in utero virilization in
girls, while boys are often not diagnosed until a later age. After the
discovery of the HLA linkage, it has become possible to identify
heterozygous carriers of the 21-hydroxylase-deficiency gene among the
relatives of the patients by means of HLA typing, and this has been
confirmed by biochemical investigations. The HLA linkage opens the
possibility of antenatal ‘‘diagnosis,’’ but it should be stressed that HLA
typing of amniotic cells is not an easy task.

Congenital adrenal hyperplasia provides a good example of geno-
copies because this condition may also be due to lack of other enzymes,
e.g., ll-hydroxylase, the gene for which has been shown not to be
closely linked to HLA.
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3.3. ldiopathic Hemochromatosis

Although this condition is also a clearly metabolic disorder—char-
acterized by excess absorption and deposits of iron—its inheritance is
not a simple one: both autosomal recessive and dominant modes of
inheritance with incomplete penetrance have been suggested. Genetic
studies have been complicated by the varying, often late, onset of the
disease. The first HLA studies of unrelated patients showed a striking
association with HLA-A3 and a less pronounced association with B14,
These two antigens are not associated in the general population. Patients
show no pronounced increase of A3 homozygosity, which would favor a
recessive inheritance. Nevertheless, HLA typing of affected sibpairs
revealed a striking excess of HLA-identical pairs, indicating recessivity
(Simon et al., 1977). Kravitz et al. (1979) studied in an elegant linkage
analysis a large pedigree with many relatives suffering from idiopathic
hemochromatosis and concluded that this condition is a recessive disor-
der closely linked to HLA. This is in accordance with a very close fit to
the Hardy—-Weinberg structure at HLA-A and -B loci in a series of 198
unrelated patients (R. Fauchet, personal communication).

3.4. Ankylosing Spondylitis

With this disorder, we move into the group of diseases that are
characterized not only by unclear modes of inheritance but also by
largely unknown etiologies. Emery and Lawrence (1977) performed
family studies and found that the polygenic hypothesis would best explain
their findings. Nevertheless, this disease is so strongly associated with
HLA-B27 that one is tempted to assume that one HLA gene is of major
effect in relation to this disorder. The mere observation that almost all
B27-positive patients with ankylosing spondylitis are B27-heterozygous
suggested that the HLA-linked susceptibility is inherited as a dominant
trait. Further strong support for this assumption was obtained by Thom-
son and Bodmer (1977) and by Kidd et al. (1977). Thomson and Bodmer
(1977) tested the proportion among B27-homozygous, B27-heterozygous,
and B27-negative patients and could reject the possibility of a recessive
mode of inheritance. Kidd et al. (1977) came to the same conclusion on
the basis of a similar analysis of their own data. Moreover, Kidd et al.
(1977) studied the frequency of ankylosing spondylitis in B27-positive
individuals drawn from the general population and in B27-positive
relatives of probands, which enabled them to provide an estimate for the
frequency of the HLA-linked ‘‘disease-susceptibility’’ (DS) gene of about
0.022, and for the B27,DS haplotype of 0.020. As pointed out by these
authors, the majority of individuals carrying the DS allele do not develop
ankylosing spondylitis, and this incomplete penetrance may be due to
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-environmental factors or to epistasis with an allele at an independent
locus. Kidd et al. (1977) also mention the possibility of disease hetero-
geneity.

3.5. Insulin-Dependent Diabetes

The inheritance of diabetes mellitus has occupied geneticists for
many years without a solution being reached. The first contribution of
HLA studies to this problem came from population studies that showed
that the juvenile- and maturity-onset forms are two distinct entities
because only the former shows a strong association with HLA. Both
HLA-B8 and -B15 are increased in juvenile—or rather insulin-depend-
ent—diabetes, and by analyzing phenotype data, we found that B8/15
heterozygotes have about twice the risk of developing this disease that
individuals carrying only B8 or B15, whether heterozygous or homozy-
gous, have. We took this as evidence that there are two different HLA
genes that confer susceptibility to juvenile diabetes, each by its own
mechanism, and that they interact to further increase the risk when
present together. Later, it was found that the associations with B8 and
B15 are secondary to increases of Dw3 and Dw4, respectively. Interest-
ingly, the HLA-Dw2 antigen seems to be totally absent in insulin-
dependent diabetes. It has also been shown that Dw3/4 heterozygotes
have a higher risk than individuals carrying either of the corresponding
antigens.

Family studies revealed a strikingly high frequency of HLA identity
among affected sibpairs, and this was taken as evidence that juvenile
diabetes is a recessive HLA-linked condition with 50% penetrance
(Rubinstein et al., 1977). This degree of penetrance has been challenged
because concordance data from twin studies generally give smaller
estimates (about 35%). By analyzing all available HLA data on affected
sibpairs, we found that a recessive model is indeed more compatible with
the observations than a dominant one (Table 3 and Fig. 1). However, the
lowest gene frequency fitting the data is so high (0.20) that the penetrance
would have to be rather low (about 5%) to account for the data on
population prevalence.

The problem of the inheritance of juvenile-onset diabetes has not
yet been solved, but the HLA associations have brought us much closer
to a solution now. The answer is most probably going to come from
additional HLA-D and -DR studies of more cases without biased ascer-
tainment. There is evidence that the HLA associations differ according
to the mode of ascertainment and the age at onset, and between familial
and nonfamilial cases, suggesting further heterogeneity within the insulin-
dependent-diabetes group.
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TABLE 3. Segregation of HLA Haplotypes in Pairs of Siblings with Juvenile
Diabetes

HLA haplotypes shared

0 1 2
Observed number of 5 44 69
sibpairs® (4.2%) (37.3%) (58.5%)
Expected proportions
1. No relationship between 29.5 59.0 29.5 x:=177.1
disease and HLA (25%) (50%) (25%) 2 df,p < 107%)
2. Completely recessive case 6.3 41.9 69.8 x* = 0.38 for P, = 0.30

(for the P, giving best fit)  (5.3%)  (35.5%) (59.2%) (1 df,p > 0.1)

3. Completely dominant case 4.3 58.5 55.2 x2 = 17.1, for P, = 0.04
(for the P, giving best fit) (3.6%) (49.6%) (46.8%) (1 df, p < 0.01)

¢ For references, see Ryder et al. (1979).

Note added in proof. A substantial number of insulin-dependent diabetes
patients were investigated in the Eighth International Histocompatibility
Workshop, and the conclusions reached corroborate the above arguments
(Svejgaard et al., 1980).
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Figure 1. Sibpair analysis in juvenile diabetes. Graph of the chi-square fit of the observed
data in Table 3 compared to the expected values (cf. Table 1) for varying gene frequencies
(P,) under the assumption of a dominant and a recessive model. It appears that the
dominant model gives a significantly bad fit for all values of P, while the recessive model
is acceptable for values of P, between 0.2 and 0.4.
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3.6. Multiple Sclerosis and Optic Neuritis

Shortly after the first reports on HLA and diseases, three groups
(Bertrams et al., 1972; Jersild et al., 1972; Naito et al., 1972) independ-
ently reported an association between HLA-A3 and -B7 and multiple
sclerosis (MS), and these results have now been confirmed by many
authors (see Ryder et al., 1979). Later studies have established that the
Dw?2 antigen shows the strongest association (for a review, see Platz et
al., 1979). It has also been observed that the disease progresses signifi-
cantly faster in Dw2-positive MS patients compared to Dw2-negatives.

These results have once again changed the view on the genetics of
MS. Originally, familial occurrence of MS was considered exceptional,
but studies in the 1950’s showed that the familial prevalence of MS was
approximately 20 times higher than that of the general population
(Schapira et al., 1963; Mackay and Myrianthopoulos, 1966). Classic
genetic studies failed, however, to convincingly establish a genetic
element in MS. In particular, twin studies showed no significant differ-
ence between the concordance rate in mono- vs. dizygotic twins.

The major contribution of the HLA studies in MS has thus been
finally to confirm that genetic factors do play a role in the pathogenesis
of MS. However, several important questions remain to be answered,
including (1) what is the mode of inheritance and (2) by what mechanism
do these genetic factors operate? To answer the first question, we have
to look at family data. As previously stated, familial MS is rare and HLA
data on familial MS are even more sparse.

There are available, however, some data on sibships with MS (Table
4) that provide evidence based on the sibpair method discussed in Section
2.4. It appears that the frequencies of sibpairs sharing two, one, or null
haplotypes are 40.3, 42.6, and 17%, respectively, and these frequencies
do not deviate significantly from the expected 25, 50, and 25% distribu-
tion. These data thus neither suggest strong linkage with HLA nor allow
discrimination between modes of inheritance (Fig. 2) and seem to stand
in contrast to the strong association with Dw2 found in most populations
studied.

How can this apparent discrepancy be explained? Most of the
previous hypotheses on the genetics of MS have assumed that we were
dealing with a rare DS gene that under the influence of unknown
environmental factors leads to overt MS. The 17% of HLA-nonidentical
affected sibpairs speaks against this assumption, but as discussed in
Section 2.4, the proportions of affected sibs sharing two, one, or null
HLA haplotypes change with increasing gene frequency. Figure 2 shows
that both a dominant and a recessive model can fit the observations;
however, the recessive fits only for very high values of Py,. If we use as
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~Chi-square fit
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Figure 2. Sibpair analysis in MS (see the Fig. 1 caption). In this case, the analysis cannot
discriminate between a dominant and a recessive model.

an example the gene frequency of HLA-Dw2, which in the Danish
population is approximately 0.15, the expected proportions for the
dominant model of the three different types of sibpairs are very close to
those observed (Table 4, expectation 3), while the recessive model is not
acceptable.

If further HLA family studies in MS confirm the tendency shown in
Table 4, an alternative hypothesis could be that the HLA-linked MS DS
gene(s) (HLA-Dw2 or genes linked to Dw2) has a high frequency in the
normal population, and that only under certain environmental situations
does it give rise to the rare disease MS.

If this hypothesis is true, further understanding may be reached by
investigating different immunological functions in Dw2-positive and
-negative individuals, both MS patients and normals, to find differences
that under certain environmental conditions would allow the MS process
to be triggered.

Next, it might be predicted that MS in Dw2-positive individuals
differs from MS in Dw2-negative individuals, and the aforementioned
differences in the progression of the disease may be a hint in this
direction. Another related approach is to study acute monosymptomatic
optic neuritis (ON), which often precedes MS by several years. It appears
(see Table 2) that Dw2 is increased in ON patients and nearly to the
same extent as in MS. Results concerning the prognostic value of Dw2
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TABLE 4. Segregation of HLA Haplotypes in Pairs of Siblings with Multiple
Sclerosis

HLA haplotypes shared

0 1 2
Observed number of 8 20 19
sibpairs?® (17.0%) (42.6%) (40.3%)
Expected proportions
1. No relationship between 11.75 23.50 11.75 x:=6.2
disease and HLA (25%) (50%) (25%) (2 df,p = 0.04)
2. Completely recessive case 7.0 22.3 17.7 x? = 0.47 for P, = 0.63
(for the P, giving best fity  (14.9%) (47.4%) (37.7%) (1df,p > 0.1)
3. Completely dominant case 7.2 22.8 17.0 x2 = 0.67 for P, = 0.24
(for the P, giving best fit)  (15.3%) (48.6%) (36.1%) (1df,p > 0.1)
4. Completely recessive case 0.8 10.67 35.53 x% = 80.7
(for P, = 0.15) (1.7%) (22.7%) (75.6%) (2df,p < 1071
5. Completely dominant case 5.2 22.9 18.9 x:=19
(for P, = 0.15) (11.1%) (48.8%) (40.1%) (2df,p = 0.4)

o For references, see Platz et al. (1979).

have, however, been conflicting. In one prospective study (Sandberg-
Wollheim er al., 1975), an equal number of Dw2-positive and Dw2-
negative individuals developed MS in the observation period, whereas a
significant correlation between Dw2 and later development of MS was
observed in two retrospective studies (Stendahl-Brodin er al., 1978;
Compston et al., 1978).

4. Concluding Remarks

The inheritance of diseases in man is a topic that has occupied
geneticists for many years. Familial clustering of various disorders has
been taken as evidence that genetic factors are involved in the disease
processes, but such clustering may also occur because relatives share
more environmental factors than do unrelated individuals. In some cases,
however, family studies have revealed clear-cut simple Mendelian—
recessive or dominant—modes of inheritance, but for most common
diseases, this has not been the case, and the concept that these disorders
have a genetic element was mainly based on different concordance rates
in mono- vs. dizygotic twins. Twin studies are also very informative in
estimating the degree of penetrance, but they do not reveal the detailed
mode of inheritance. This has now become possible with the discovery
that some genetic markers —particularly those of the HLA system—are
strongly associated with a variety of diseases. In a few cases, simple
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Mendelian disorders (e.g., C2 deficiency and congenital adrenal hyper-
plasia) have been shown to be closely linked to HLA. Other diseases,
not simply inherited diseases (e.g., hemochromatosis and ankylosing
spondylitis), that were previously considered ‘‘polygenic’’ have now
been found to be based on a genetic background largely dependent on
HLA factors, although environmental factors must also play a role. In
still other cases (e.g., insulin-dependent diabetes), HLA factors also
appear to play an important role in the disease susceptibility, but the
precise mode of inheritance still remains to be clarified. The associations
between HLA and multiple sclerosis and between HLA and rheumatoid
arthritis demonstrate for the first time the involvement of genetic factors
in the susceptibility to these two disorders, but it seems likely that
environmental factors play a larger role.

Thus, it appears that HLLA markers provide a powerful tool in
clarifying the genetic background of a number of diseases. HLA studies
are also helpful in sorting out problems of disease heterogeneity, and it
should be kept in mind that HLA-associated diseases might develop
without polymorphic HLA factors being involved.

Finally, the associations are probably going to be very useful in the
unraveling of the unknown pathogenetic pathways of the HLA -associated
disorders, but a major breakthrough in this field has not yet been
achieved.

In this context, one of the most promising recent developments has
been the emerging picture of the role of the major histocompatibility
complex (MHC) in antigen presentation initiated by the discovery of the
““MHC restriction’’ at the level of both the T cell-monocyte cooperation
and the cytotoxic-T-cell response. This may lead to fundamental new
insight into the biological function of the MHCs in general and of HLA
in particular and thus into the eventual role of HLA itself in the disease
processes.
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HLA-associated diseases, MHC restriction
in, 299
HLA complex
Ia-like alloantigenic systems and,
230-231
rodent MHC and, 114
HLA haplotypes
PSA-A response and, 195
segregation of in pairs of affected sibs,
287
HLA-linked susceptibility
ankylosing spondylitis and, 293294
in diabetes mellitus, 294-295
to multiple sclerosis and optic neuritis,
296-298
HLA matching, graft survival and, 160
HLA phenotypes, 283-285
HLA system
Hardy-Weinberg equilibrium and,
283-284
human Ia-like alloantigens and, 227
linkage studies and, 285-286
as major histocompatibility complex, 257
as risk factor in disease, 282
HLA typing, polulation level and, 282-283
HLA-A matching, in kidney
transplantation, 159-161, 258-259
HLA-A serotyping, family studies of,
162-163
HLA-A tissue typing, in cadaveric
transplantations, 202
HLA-B allele, disease and, 178
HLA-B antigens, skin-test antigens and,
184
HLA-B matching, in kidney
transplantation, 159-161
HLA-BS8 antigen
anti-acetylcholine-receptor antibodies
and, 242
hepatitis and, 243
HLA-B27 antigen, ankylosing spondylitis
and, 135
HLA-D antigen
disease and, 178
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HLA-D antigen (cont.)
and PSA-C response, 191
HLA-D determinants
correlation with DRw specificities,
235-237
Ia-like alloantigens and, 230-231
HLA-D disparity
blood transfusions and, 165
living-related allograft survival and,
162
HLA-D matching
in cadaveric transplantations, 163
graft acceptance and, 172
in kidney transplantations, 161-164
HLA-D region genes, I-region genes and,
178
HLA-DHO specificity, 182
HLA-D/DR determinant, sharing of with
T-cell donor, 118
HLA-D/DR region, rodent I-region cell-
membrane products and, 115-116
HLA-D/DR restricted antigen-specific T
cells, clonal distribution of, 122-124
HLA-D/DRw3 antigen, diseases associated
with, 288
HLA-DR antigen, graft survival
improvement for, 275
HLA-DR determinants, 263-266
HLA-DR matching, graft survival and,
172, 263-268
HLA-DR molecules, structure of, 115
HLA-DRw antigens
defined, 232
frequencies of, 232
specificities for, 231-237
HLA-DW?2 deficiency, complement factor
in, 292
Hodgkin’s disease, HLA types and,
244
Host immune complex, general or
nonspecific, 206-210
Hot-pulse thymidine, 124
Human la-like alloantigens, 227-247
H-Y antigen
cytotoxic T lymphocytes and, 7
Ir gene complementation in CTL
responses to, 10
H-Y specificity, acquisition of by T cells,
11
21-Hydroxylase deficiency, congenital
adrenal hyperplasia and, 292
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Ia-like alloantigenic segregants, 237
Ia-like alloantigenic systems
HLA complex and, 230-231
leukemia cells and, 237-241
nonmalignant-disease associations and,
241-244
“Ja’ sera, reactivity of white blood cells
with, 239
Idiopathic hemochromatosis, 293
Immune analysis, nonspecific, 207-208
Immune response, HLA antigens and,
179188
Immune-response genes, see Ir genes
Immune responsiveness, HLA-linked
regulation of, 177-196
Immune system
MHC control of, 81-83, 177, 185
recognition mechanisms in, 87-89
Immunological assessment
posttransplantation, 210-221
pretransplantation, 202-210
Immunological monitoring tests, in
allograft rejection, 202
Immunological surveillance, 105-111
Influenza A viruses, 36-52
cytotoxic T-cell response and, 39
Influenza-immune T-cells, specificity of,
38-41
Influenza model
in allogeneic situations, 46
monospecific antisera blocking in, 43—44
neuraminidase in, 37
responder-nonresponder situations and,
41-42
Influenza-specific cytotoxic-T-cell activity,
inhibition of, 45
Influenza-specific H-2 restricted response,
failure of, 47
Influenza viruses, characteristics of, 36-38
Insulin-dependent diabetes, 294295
Ir-gene complementation, 98-99
Ir-gene-controlled antigen display, by
macrophages, 96
Ir-gene function, specificity of, 90
Ir-gene mechanisms, new observations on,
91-99
Ir genes
adaptive differentiation and, 87
CI encoding by, 92, 97-99
current knowledge of, 89-91
H-2-linked, 5-12
MHC and, 177

INDEX

Ir genes (cont.)

T-dependent immune responses and, 227
Ir loci, GLT response and, 194195
Irradiation chimeras, in MHC restriction

measurements, 149

Juvenile diabetes, HLA haplotypes in, 295

Kk alloantigens, CTL specific for, 13
K-cell-mediated cytolysis, 63
K-DT cells, stimulation of, 48
Keyhole limpet hemocyanin, 61, 70
Kidney-allograft prognosis, blood
transfusion and, 164-167
Kidney graft survival, 257-275
HLA-DR matching in, 263-268
and incompatibility for non-HLA
determinants, 268-274
MHC restriction in, 270-271
pretransplant blood transfusion and,
260-261
Kidney transplantation
blood transfusions in, 164—-173, 259-263
cutaneous hypersensitivity in, 215
donor-specific transfusions in, 169-171
histocompatibility testing in, 201-223
HLA matching in, 257-275
HLA-A and HLA-B matching in,
159161
HLA-D matching in, 161-164
immunological and radionuclide
evaluation in, 220-221
kidney-graft survival in, 257-275
lymphocytotoxins and, 168-171
parent—child pairs in, 167
two-haplotype sibling pair in, 161

L-5178Y tumor cells, H-2 binding activity
of, 110
Leukemia cells, Ia-like alloantigens and,
237-241
LIPED computer program, 190
Lipopolysaccharide, stimulation by, 23
LMC, see Lymphocyte-mediated
cytotoxicity
Long-term T-cell cultures, cell-
proliferation requirements in, 21-25
Lymphocyte-dependent antibody, 203,
222
accelerated rejection and, 205
in posttransplantation immunological
assays, 211
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Lymphocyte-mediated cytotoxicity
donor-specific resistance and, 203
in posttransplantation immunological
assays, 211
Lymphocyte mitogen, bone-marrow-
derived LPS and, 23
Lymphocytes
adaptive differentiation of, 84
antibody-binding capacity of, 182
Lymphocytotoxins, kidney transplantation
and, 168, 171
Lymphoid-cell precursors, adaptive
differentiation of, 84
Lymphosarcoma-cell leukemia, HLA
alloantigens and, 239
Ly-specific antigens and antibodies, 19

Major histocompatibility complex
aging and, 246-247
biological importance of, 81-82
dual specificity for, 35
haptenated cell lysis and, 59-79
HLA system as, 257
immune system and, 177
influenza-immune-T-cell specificity and,
38
Ir genes and, 177
phenotypic functions and, 227
quantitation of restriction specificity of,
145-153
in self-recognition and cell-cell
interactions, 82-83
target molecules and, 91
T-cell restriction of, 3, 143-153
thymic selection of restriction specificity
in, 144
Major histocompatibility complex genes,
new perceptions about, 8§1-100
Major histocompatibility complex
restriction
in HLA-associated diseases, 299
in non-HLA incompatibility, 270
Matrix protein, 37
MEM, see Minimal essential medium
Mendelian disorders, HLA linkage with,
285
Mendelian inheritance, in common
diseases, 281
Merit alloantigenic system, 229-230
Minimal essential medium, 146
Mixed-lymphocyte reactions, alloantigens
in stimulation of, 82
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MLC (mixed lymphocyte culture)
inhibition test, 274
M protein, see Matrix protein
Multiple sclerosis
HLA haplotypes in, 298
HLA-linked susceptibility to, 296-298
Murine cell lines, sensitivity of to DBA/2-
anti-P815Y killer cells, 108

Negatively selected K-D T cells,
stimulation of, 48

Neuraminidase, in influenza model, 37

New antigenic determinants, self-MHC
products and, 113

Non-HLA determinants, incompatibility
for, 268274

Nonresponder cells, DNP-primed, 96

Nonspecific immune analysis, methods of,
207-208

Nonspecific immune monitoring, in
posttransplantation assays, 216-221

Nude mutant-gene mice, thymic
reconsitition of, 149-150

Optic neuritis, HLA-linked susceptibility
to, 296-298

P815Y tumor cells, H-2-binding activity of,
109
Peripheral blood lymphocytes
complement-dependent antibody and,
203
in lysing of virus-infected target cells,181
in nonspecific immune analysis, 207-208
in posttransplantation assays, 214
purification of, 189—190
PHA, see Phytohemagglutinin
Phosphorylcholine, T- and B-cell
responses to, 1315
Phytohemagglutinins
PBL stimulation with, 208
target-cell lysing in presence of, 27
T-cell response to, 118
Pokeweed mitogen, 208
Posttransplantation immunological
assessment, 210-221
nonspecific inmune monitoring in,
216-221
PPD, see Purified protein derivative
Pretransplant immunological assessment,
202-210
donor-specific resistance in, 202-206
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Pretransplant K-cell activity, accelerated
rejection and, 205
Pretransplant transfusion, graft-protecting
effect of (see also Blood transfusions),
260-262
Primed lymphocyte test, 214
Progressive tumor growth, cell-surface
antigens in, 105-111
PSA-A (blastogenesis) response, in
families, 189-191
PSA-C response
cellular interactions and, 191-193
HLA-linked blastogenic response and,
195-196
serological inhibition of, 193-195
Purified protein derivative
as antigen, 116
antisera inhibition of, 121
HLA system and, 185
inhibition of, 123
presentation of by different non-T
fractions, 125
sarcoidosis and, 185
T-cell response to, 127
T lymphocyte stimulation by, 117

Radionuclide scans, of kidney
transplantation evaluation, 220-221

Recognition mechanisms, in immune
system, 87-89

Relative antigen-specific stimulation,
118

Renal transplantation, see Kidney
transplantation

Responder-nonresponder situations, in
influenza model, 41-42

Ribonucleoprotein, in influenza model,
36-37

RNA, viral genome and, 36

RNP, see Ribonucleoprotein

S194 cell line, 21-23

Sarcoidosis, HLA and, 185

Scandiatransplant, 159

Secondary MLC reaction, 214

Self-HLA cell-membrane molecules, in T-
lymphocyte immune response, 137

Self-HLA restriction, implications of,
134-137

Self-HLA-D region products, 113-138

Self-HLA-D/DR restriction, of T cells
sensitized in vitro, 116-132

INDEX

Self-MHC products, foreign antigens in
complex with, 113
Self-recognition
cell-interacting molecules and, 82-83
defined, 85
Seventh International Histocompatibility
Workshop, 231-235
Sheep red blood cells
binding of, 216
in T-cell culture, 30
Sibpair method, in disease susceptibility
studies, 286—-288
Skin-test antigens, response to, 183187,
208
Skin-test reaction, in kidney transplant
patients, 215-216
SK/SD, see Streptokinase-Streptodornase
Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, 110
Spleen-cell cultures, T-killer-cell response
in, 107
Spleen-stimulator cells, proliferation
caused by, 23
Spontaneous blastogenesis
in nonspecific immune analysis, 208
in posttransplantation assays, 217
Streptococcal antigens
immunogenetics of response to, 188-196
purification and characterization of, 189
Streptokinase-Streptodornase, 186—187,
208

Target cells
DNP persistence on, 67
“‘haptenation’’ processes for, 69-73
hapten presentation on, 65-67
virus-infected, 35
Target CI molecules, Ir gene encoding of,
92, 97-9
TATA, see Tumor-associated
transplantation antigen
T-B cell interactions, CI-molecule concept
and, 83
T-cell cultures
cell-proliferation requirements in, 21-25
long-term, 21-25
blocking of with monospecific antisera,
43-45
T-cell functions, model of, 19-33
T-cell lines
allospecific, see Allospecific T cells and
T-cell lines
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T-cell lines (cont.)
antigen specificity of, 32
T-cell macrophage collaboration, HLA-D
restriction of, 118
T-cell mitogens, failure of to induce
allospecific T-cell proliferation, 22
T-cell recognition, specific T-cell
restriction and, 151
T-cell repertoire
vs. B-cell repertoire, 13-14
definition of, 35
H-2 genes and, 5
histocompatibility antigens and, 3-14
bone-marrow chimeras and, 45
T cells
acquisition of H-Y specificity by, 11
allospecific, 12
cytotoxic, 7-11
dual specificity of, 4-5
effector function of, 144
H-2 antigen restriction of, 3-5
IA antigens and, 7
from irradiation bone-marrow chimeras,
150
K- or I-region products and, 4-5
macrophage-dependent antigen
activation of, 113
MHC restriction of, 143-153
requirement of PPD response for, 117
self-HLA-D/DR restriction of, 116
specificity acquisition by, 143
virus immune, 41-42
T-cell specificity, 143—-144
T-depleted lymphoid cells, typing of with
“‘Ia” sera, 233
T-depleted peripheral mononuclear cells
HLA-Dr antigen frequency for, 241
Ia-like alloantigens and, 237-241
“Ia’ sera against, 232-233
Terasaki Ia-like alloantigenic groups,
240-241
Tetanus toxoid, 181-183
T helper cells, I-region products and, 5
Thoracic duct lymphocytes, in influenza
virus model, 43
Thymidine, hot-pulse, 124
Thymus chimeras, formation of, 146
Thymus-derived lymphocytes (see also T
cells), 19
Tissue incompatibility, in allograft
rejection, 201
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T-killer cell lines
cytolytic activity of, 26
stimulation by H-2 region genes, 24
T-killer-cell response, in culture, 107
TNP cells, see Trinitrophenyl-conjugated
autologous cells
TNP-specific response
HLA-D/DR restriction of, 128—130
restriction of by HLA-A, B, C, 130-131
TNP-treated autologous cells, 126
priming against, 126—128
priming with, 129
Transfer factor, antigen-specific, 135
T-RFC, see T-rosette-forming cells
Trinitrobenzene sulfonic acid, 61
Trinitrophenol, CTL and, 60
Trinitrophenyl-conjugated autologous cells,
see TNP-treated autologous cells
T-rosette-forming cells, 207, 216-217, 222
Tumor-associated transplantation antigen,
105
vs. EATA, 111
immunizing of, 106
loss of, 108
Tumor cells, failure of to induce
proliferation of allospecific T cells,
22
Tumors, immunologically cross-reactive,
106

Vaccinia virus, cytotoxic-T-cell response
from, 42
Vaccinia-virus-immune spleen cells,
cytotoxic activity of, 148
v-gene markers, probing of repertoire by,
13-14
Virus-immune T cells
dual specificity of, 35-52
responder—nonresponder situations and,
41-42
Virus-infected target cells, 35
Virus models, T-cell specificity patterns
and, 35
Virus-specific cytotoxic T cells, restriction
specifications of, 148—151

White blood cells, reactivity of with ‘‘Ia”
sera, 239

Workshop Ia-like specifications, in chronic
lymphocytic leukemia, 238
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