age to 17q or genetic heterogeneity.

We anticipate that accurate phenotypic
characterization of PBD in our kindreds will
leadto linkage to candidate markers that can
then be confirmed by analysis of breast
cancer alone with an extended set of mark-
ers. Genetic mapping may in turn lead to
molecular isolation of the locus or loci re-
sponsible for breast cancer susceptibility,
which will permit further refinement of the
underlying genetic model and analysis of
interaction of genetic susceptibility with
other risk factors. Four-quadrant fine-needle
aspiration is a sensitive, rapid, minimally
invasive test that could identify these high-
risk lesions in the absence of a clinically
identifiable mass and allow identification
and close monitoring of genetically suscep-
tible women. Women thus identified might
also benefit from specific intervention ther-
apy before the development of cancer,
should this type of treatment become avail-
able.

REFERENCES AND NOTES

P. P. Broca, Traites Des Tumeurs 1, 80 (1866).

. L. A. Cannon-Albright, D. T. Bishop, C. Goldgar,
M. H. Skolnick, in Important Advances in Oncology,
V. T. DeVita, S. Hellman, S. A. Rosenburg, Eds.
(Lippencott, Philadelphia, PA, in press).

3. E. B. Claus, N. J. Risch, W. D. Thompson, Am. J.

Hum. Gen., in press.
4. W. R. Williams and D. E. Anderson, Genet. Epidem.
1,7 (1984).

5. D. T. Bishop, L. C. Albright, T. McLellan, E. J.

‘Gardner, M. H. Skolnick, ibid. 5, 151 (1988).

B. Newman et al., Proc. Natl. Acad. Sci. U.S.A. 85,

3044 (1988).

. A. M. Lillienfield, Cancer Res. 23, 1503 (1963).

. H. S. Gallager and J. E. Martin, Cancer 24, 1170
(1969).

. S. R. Wellings and H. M. Jensen, J. Natl. Cancer.
Inst. 50, 111 (1973).

10. M. M. Black, T. H. C. Barclay, S. J. Cutler, B. F.

Hankey, A. J. Asire, Cancer 29, 338 (1972).

11. W. D. Dupont and D. L. Page, New. Engl. J. Med.
312, 146 (1985).

12. C. L. Carter, D. K. Corle, M. S. Micozzi, A.
Schatzkin, P. Taylor, Am. J. Epidem. 128, 467
(1988).

13. S. C. Hunt, R. R. Williams, G. K. Barlow, J. Chron.
Dis. 39, 809 (1986).

14. T. McLellan, L. B. Jorde, M. H. Skolnick, Am. J.
Hum. Genet. 36, 836 (1984).

15. C. Cannings and E. A. Thompson, Clin. Genet. 12,
208 (1977).

16. S. Hammond, S. Keyhani-Rofagha, R. V. O’Toole,
Acta Cytologica 31, 276 (1987).

17. J. H. Ward et al., J. Natl. Cancer Inst. 82, 964
(1990).

18. C.J. Marshall et al., Am. J. Clin. Pathol., in press.

19. P = 0.02 for a one-tailed Fisher’s exact test. The
significance was unaffected when adjustments were
made for nonindependence of observations within
the same kindred and for age effects with the logis-
tic-binomial regression model for distinguishable
data in the statistical software package EGRET
(Statistics and Epidemiologic Research Corpora-
tion, Seattle, WA).

20. R. C. Elston and J. Stewart, Hum. Hered. 21, 523
(1971).

21. M. H. Skolnick et al., unpublished data.

22. Expected numbers of cancers were based on cumu-
lative age-specific incidence rates for those sites,
taken from rates for white females over the period
1973 to 1988 in the Utah Cancer Registry.

23. H. T. Lynch, H. A. Guirgis, J. Lynch, in Cancer

Genetics, H. T. Lynch, Ed. (Thomas, Springfield,

1L, 1976), p. 389.

N

®N o

o

1720

24. A. G. Knudson, Cancer Res. 45, 1437 (1985).

25. L. A. Cannon-Albright, M. H. Skolnick, D. T.
Bishop, R. G. Lee, R. W. Burt, N. Engl. J. Med.
319, 533 (1988).

26. E. R. Fearon et al., Science 247, 49 (1990).

27. M. C. King, paper presented at the meeting of the
American Society of Human Genetics, Cincinnati,
OH, 17 October 1990.

28. M. H. Skolnick, E. A. Thompson, D. T. Bishop, L.
A. Cannon, Genet. Epidem. 1, 363 (1984).

29. 8. ). Hasstedt and P. E. Cartwright, PAP: Pedigree
Analysis Package, Rev. 2. Technical Report 13 (De-
partment of Medical Biophysics and Computing,
University of Utah, SLC, UT, 1981).

30. E. C. Wright, D. E. Goldgar, P. R. Fain, D. F.

Barker, M. H. Skolnick, Genomics 7, 103 (1990).

31. B. R. Dziura and T. A. Bonfiglio, Acta. Cytol. 23,
332 (1979).

32. M. Bibbo et al., ibid. 32, 193 (1988).

33. This research was supported by NIH grants CA-
28854, CA-48711, CA-42014, CN-05222, and
RR-64 and a grant from the Willard L. Eccles
Charitable Foundation. We acknowledge P. Sims,
M. Jost, and C. Goldgar for their efforts in studying
the family members, M. Riding for assistance with
the cytology preparations, M. Risman for data man-
agement, and J. R. Stewart for valuable comments
on the manuscript.

21 August 1990; accepted 19 November 1990

Induction by Antilgen of Intrathymic Apoptosis of

CD4*CD8" TCR™

Thymocytes in Vivo

KENNETH M. MURPHY, AMY B. HEIMBERGER, DENNIS Y. LOH

In order to examine the mechanisms by which clonal deletion of autoreactive T cells
occurs, a peptide antigen was used to induce deletion of antigen-reactive thymocytes in
vivo. Mice transgenic for a T cell receptor (TCR) that reacts to this peptide contain
thymocytes that progress from the immature to the mature phenotype. Intraperitoneal
administration of the peptide antigen to transgenic mice results in a rapid deletion of
the immature CD4*CD8* TCR' thymocytes. Apoptosis of cortical thymocytes can be
seen within 20 hours of treatment. These results provide direct evidence for the in vivo
role of apoptosis in the development of antigen-induced tolerance.

repertoire is established in part by

clonal deletion (clonal elimination) of
self-reactive T cell clones (1, 2). Clonal
deletion involves the presentation of self
antigens and self-major histocompatibility
complex (MHC) molecules to T cells that
are developing within the thymus (3-12).
Clonal deletion of I-E (MHC class II)—
reactive T cells in I-E—expressing mice was
first inferred by the absence of V;17-bearing
T cells from the mature, but not the imma-
ture, thymocyte population (3). The dele-
tion of V;17 from peripheral CD8"- and
CD47"-bearing T cells suggested that dele-
tion could occur at the CD4"CD8™ stage of
thymocyte development (4). Tolerance in-
duction to the Mls antigens involves dele-
tion of reactive T cells from the mature
thymocyte and peripheral T cell popula-
tions, but not from the immature pools
(5-9).

The deletion of anti—-H-Y and allospecific
T cells was inferred from the absence of
immature CD4*CD8" thymocytes in mice
expressing the H-Y or allospecific antigen
(10, 11). The stage at which deletion is
evident within thymocyte populations can

S ELF TOLERANCE WITHIN THE T CELL

K. M. Murphy, Department of Pathology, Washington
University School of Medicine, St. Louis, MO 63110.
A. B. Heimberger and D. Y. Loh, Howard Hughes
Medical Institute, Departments of Medicine, Genetics,
and Molecular Microbiology, Washington University
School of Medicine, St. Louis, MO 63110.

depend on the antigen system examined.
Pircher and co-workers (12) demonstrated
this by examining deletion in a transgenic
system having T cells of dual specificity—to
lymphocytic choriomeningitis virus (LCMV)
and to Mls®. Tolerance to Mls® deleted the
mature but not the immature CD4"CD8*
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Fig. 1. Reactivity of peripheral transgenic T cells
to OVA323-339 peptide analogs. Peptides used
at the indicated concentration were OVA323-339
(O), OVA323-338 (A), OVA323-336 (A), and
OVA324-334 (@). Splenocytes from H-2¢ hap-
lotype mice expressing the DO11.10 af TCR
were isolated as described (15) and cultured at
2.5%105 cells per milliliter with the indicated
concentration of peptide. Triplicate 200-ul cul-
tures were pulsed with 0.4 p.Ci of [*H]thymidine
on the second day of a 3-day culture. Data
represent the mean and standard deviation of
incorporated cpm of [*H]thymidine. The experi-
ment was repeated three times with similar re-
sults. Peptides were synthesized on an Applied
Biosystems model 430 peptide synthesizer as de-
scribed (26).
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thymocytes, whereas tolerance to LCMV led
to drastic reduction in the CD4*CD8* im-
mature thymocyte population.

These systems provide direct evidence for
clonal deletion as a mechanism for self-
tolerance but do not suggest how or where
the thymocytes are eliminated. Experiments
with in vitro thymic organ culture show that
apoptosis, an intrinsic program of cell death
characterized by chromatin condensation
and DNA degradation, results from the
engagement of the TCR of immature thy-
mocytes in culture (13, 14). We now present
direct in vivo evidence that antigen-induced
clonal deletion can proceed by means of
apoptosis of thymocytes within the thymic
cortex and, in this system, deletes immature
CD4*CD8* TCR™ cells.

We developed a transgenic system (15) in
which negative selection can be induced in
mice in a synchronous fashion by adminis-
tration of a deletional antigen that can cir-
culate to the thymus for presentation to
developing thymocytes. Thymocytes are
then examined at fixed times after injection
of antigen. Virtually all thymocytes and
peripheral T cells in these mice express the
transgenic TCR from a T cell hybridoma,
DO11.10, that recognizes chicken ovalbu-

min (OVA) in the context of I-A4 (15). The
transgenic TCR expressed in this system is
detected by the clonotypic monoclonal anti-
body (MAb) KJ1-26 and by the MAb to
Va8, F23.1. Thymocytes expressing this
TCR develop through an immature
CD4*CD8* TCR™ stage comprising 70%
of thymocytes and, in the H-2¢ haplotype,
progress to mature CD4*CD8~ TCR" thy-
mocytes and are exported to the periphery as
OVA-reactive mature CD4* T cells (15). To
identify potential tolerogenic peptide anti-
gens capable of delivering a deletional signal
to developing transgenic thymocytes, we
examined responses of transgenic thymo-
cytes and peripheral T cells to a series of
structurally related peptides. OVA peptide
fragment  323-339 (OVA323-339)
(ISQAVHAAHAEINEAGR) (16) pro-
duced strong T cell responses from thymo-
cytes and splenocytes of transgenic mice
(Fig. 1). Successive COOH-terminal trun-
cations to OVA323-339 reduce and eventu-
ally abolish reactivity by transgenic T cells
(Fig. 1). OVA324-334 (SQAVHAAHAEI)
binds I-A? (17, 18) but does not induce
responses from transgenic T cells expressing
the DO11.10 TCR (Fig. 1). OVA323-339,
but not OVA324-334, can produce strong
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Fig. 2. Influence of peptide antigen on CD4*CD8* TCR™ thymocytes in vivo. OVA323-339,
OVA324-334, or PBS (no peptide) was administered as 250 .l of a sterile 100 uM solution of peptide
or PBS by intraperitoneal injection daily for 3 days. Flow cytometry of thymocytes and splenocytes was
carried out as described (15). Two-color analysis used biotinylated-KJ1-26 (b-KJ1-26) and streptavi-
din-phycoerythrin (SAPE) conjugate (Southern Biotechnology, Birmingham, Alabama) to label the
transgenic TCR and either FITC-conjugated GK1.5 (Becton Dickinson) or FITC-conjugated 53.6-7
(PharMingen) to label CD4 or CD8, respectively, as previously described (15). Stained cells were
analyzed on a FACScan (Becton Dickinson). Gates were placed to define the boundaries for the
CD4*CD8* TCR® population as previously described (15). Data collection was gated on live
thymocytes by forward- and side-angle scatter and data represent 25,000 events presented as probability

isocontours. In the experiment shown, three mice

were given OVA323-339, two mice OVA324-334,

and two mice PBS, with similar results within groups.
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Fig. 3. Loss of clonotype but not of V;8 expres-
sion by immature thymocytes after peptide-anti-
gen administration. Thymocytes from (A to C)
PBS-, (D to F) OVA324-334-, or (G to |)
OVA323-339-treated mice as described in Fig. 2
were isolated, and single-color flow cytometry
was carried out to compare clonotype and V8
expression by thymocytes. Cells were stained with
b-KJ1-26 (B, E, H) or biotinylated-F23.1 (C, F,
I) to label the af transgenic TCR clonotype or
Ve8-expressing thymocytes, respectively. SAPE
was used as a secondary fluorochrome. Cell num-
bers (frequency) are represented on the vertical
axis and fluorescence, on a logarithmic scale, is
plotted on the horizontal axis. The dashed lines
are set to indicate the upper and lower boundaries
of the TCR™ population for comparison between
treatment groups. Background (BKG) staining
(A, D, G) was determined in the absence of
primary antibody addition. Data represent
10,000 events.

TCR engagement and could possibly pro-
vide a tolerogenic signal to developing thy-
mocytes.

To test this prediction, intraperitoneal
administration of OVA323-339 was given
to H-2¢ haplotype transgenic mice. Admin-
istration of OVA324-334 or of vehicle,
phosphate-buffered saline (PBS), was used
as a specificity control. Three days after
beginning administration, the thymuses
from OVA323-339-treated mice showed
markedly reduced thymocyte numbers (4.6
x 107 = 1.9 X 107; mean = SD, n = 3),
whereas thymuses from OVA324-334— or
PBS-treated mice had essentially normal
numbers of viable thymocytes (2.2 x 10® =
0.5 X 108 n = 2, and 2.5 X 108 + 0.2 x
103, n = 2, respectively). The loss was
largely from the immature CD4*CD8"
TCR® thymocyte population (Fig. 2). In
PBS- and OVA324-334—treated thymuses,
CD4*CD8"* TCR'™ cells that express clono-
type comprise 70 to 75% of all thymocytes,
whereas in OVA323-339-treated mice,
these are reduced to 15 to 20% (n = 3).
CD4*CD8~ TCRM™ thymocytes in
OVA323-339-treated mice are not greatly
reduced as a percentage of thymocytes but
are reduced in absolute numbers (5.9% of
4.6 X 107 in OVA323-339-treated mice,
compared to 7.8% of 2.2 x 10® in untreat-
ed mice). This may either indicate a loss of
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Fig. 4. DNA degradation induced in thymocytes by peptide-antigen administration. A single administration of 250
pl of sterile solution of 100 uM OV A323-339 or OVA324-334 in PBS by intraperitoneal injection was given to H-2¢
haplotype transgenic and nontransgenic mice. After 20 hours, the total thymocytes and splenocytes were isolated. The
thymus was divided for analysis by flow cytometry, electron microscopy, and immunohistochemistry, and for DNA
preparation. Flow cytometry of thymocytes and splenocytes was carried out to confirm the transgene expression and
haplotype. Total DNA was isolated from 1x10° thymocytes essentially as described (13). Samples were separated by
electrophoresis on a 2.5% agarose gel containing ethidium bromide (0.1 p.g/ml). Lane 1, nontransgenic control given
OVA324-334; lane 2, nontransgenic control given OVA323-339; lane 3, transgenic mouse given OVA324-334; lane
4, transgenic mouse given OVA323-339. Size markers are lane 5, Hae ITI-digested Phi-X 174 DNA and lane 6, Hind

ITI—digested A phage DNA. (Weights are given in kilobases.) The experiment was repeated twice with similar results.

cells with a more mature phenotype or
reflect exit of mature cells from the thymus.
The immature thymocytes that remained
after deletion by OVA323-339 were nega-
tive for clonotype expression (Fig. 3H), but
they were positive for expression of the B
chain transgene V8 at levels normal for
TCR" immature thymocytes (Fig. 3I).
Thus, OVA323-339 treatment produced a
loss of clonotype-positive TCR' thymo-
cytes, but spared the normally small popu-
lation of thymocytes that express only the
B chain transgene, presumably with an en-
dogenous a chain. The selective survival of
thymocytes expressing only the B chain
transgene argues that the OVA323-339—
induced decrease in TCR' clonotype-ex-
pressing T cells is not a nonspecific toxic
phenomenon affecting all immature thy-
mocytes. Rather, the deletion is related to
the precise antigen specificity of the com-
plete af DO11.10 TCR. The B chain TCR
by itself in single-construct transgenic mice
does not result in OVA-peptide reactivity
by T cells (19). Additional evidence of
specificity is provided by the lack of cell
loss or decrease in clonotype expression by
thymocytes in response to OVA324-334
or PBS treatment (Fig. 3). Here,
CD4*CD8* TCR" thymocytes remain the
majority population. These data show that
peptide administration in this system leads to
a rapid and specific loss of the reactive

CD4"CD8* TCR'" thymocytes, similar to
antigen-specific deletion in other system
(10, 11).

To examine the processes occurring dur-
ing this period of cell loss in vivo, we again
administered OVA323-339 or OVA324-
334 to H-2¢ transgenic and nontransgenic
control mice. Thymuses were examined 20
hours later for DNA degradation (Fig. 4)
and histologic changes (Fig. 5). OVA323-
339 induced degradation of transgenic thy-
mocyte DNA into oligonucleosomal bands
characteristic of apoptosis but did not in-
duce this change in nontransgenic thymo-
cytes. The control peptide, OVA324-334,
produced no detectable DNA degradation
in either transgenic or nontransgenic thy-
mocytes. OVA323-339-induced apoptosis
was clearly evident histologically (Fig. 5).
Striking chromatin condensation and cell
shrinkage were seen in the majority of cor-
tical thymocytes from transgenic mice that
received OVA323-339, but not in those
that received OVA324-334. Apoptosis was
seen among thymocytes throughout the thy-
mus. The extent of involvement includes
subcapsular and deep cortical areas. Identi-
fication of distinct’ cortical-medullary
boundaries is difficult in the electron micro-
graphs, but apoptotic cells may be present in
some medullary areas. However, thymuses
that have undergone 3-day treatments with
OVA323-339 show virtually acellular cortex
with relatively normal cellularity within the
medulla. Apoptotic cells appeared to remain
in situ, because no apoptotic cells were
identified within the small vessels of the thy-
mus to suggest that they might be exported.

Cytolytic T cells, glucocorticoids, and
x-irradiation induce apoptotic cell death in
lymphocytes (20-23). Anti-CD3 antibodies
and the bacterial “superantigen” staphylo-
coccal enterotoxin B induce apoptosis in an
in vitro thymic organ culture system (13,

Fig. 5. Apoptosis of cortical thymocytes induced by peptide-antigen.
(A) Thymic cortex (X33,000) of a transgenic mouse treated with
OVA324-334. (B) Thymic cortex (%20,000) of a transgenic mouse
treated with OVA323-339. Samples were obtained from thymuses as
described in Fig. 4 and immediately were placed in an isotonic 3%
glutaraldehyde solution. Electron micrographs of thin, plastic-embed-
ded sections were taken on a JEOL 100CX model electron micro-
scope. Lower power examination was carried out on thick plastic
sections stained with toluidine-blue.

14). Further, the death of autoreactive thy-
mocytes in vitro can be prevented by inhi-
bition of RNA or protein synthesis (24).
Administration of anti-CD3 antibody pro-
duced DNA degradation in thymocytes in
vivo (25). This report demonstrates antigen-
specific deletion by means of apoptosis in
vivo. Our results directly demonstrate that
the elimination of thymocytes caused by
contact with antigen within the thymus pro-
ceeds in situ by apoptosis and largely in-
volves the immature CD4*CD8* cells. This
system should prove useful in examining the
roles of various thymic cells in the induction
of tolerance.
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Transport Protein Genes in the Murine MHC:
Possible Implications for Antigen Processing

JouN J. MoNACO,* SUNGAE CHO, MICHELLE ATTAYA

T lymphocyte activation requires recognition by the T cell of peptide fragments of
foreign antigen bound to a self major histocompatibility complex (MHC) molecule.
Genetic evidence suggests that part of the class II region of the MHC influences the
expression, in trans, of MHC class I antigens on the cell surface, by regulating the
availability of peptides that bind to and stabilize the class I molecule. Two closely
related genes in this region, HAM1 and HAM2, were cloned and had sequence
similarities to a superfamily of genes involved in the ATP-dependent transport of a
variety of substrates across cell membranes. Thus, these MHC-linked transport protein
genes may be involved in transporting antigen, or peptide fragments thereof, from the
cytoplasm into a membrane-bounded compartment containing newly synthesized
MHC molecules.

HE LIGAND RECOGNIZED BY THE

I antigen-specific T cell receptor con-
sists of a peptide fragment of foreign
antigen bound to a molecule encoded in the
MHC. Peptides bound by MHC class I
molecules are recognized by CD8* cyto-
toxic T lymphocytes (CTLs), whereas pep-
tides bound to MHC class II molecules are
recognized by CD4* (primarily helper) T
cells. Native antigens added exogenously to
cells (which are taken up by endocytosis into
membrane-bounded vesicles) preferentially
yield peptide—lass II complexes, whereas
endogenously synthesized antigens, or anti-
gens introduced directly into the cytoplasm
of living cells, preferendially yield peptide—
class I complexes (7). However, this distinc-
tion is not absolute (2). The intracellular
pathways taken by antigens destined for
processing and presentation to T cells, the
exact molecular nature of the physiologic
antigenic peptides bound by MHC mole-

cules, and the mechanism of and subcellular

compartment for the production of peptides
remain unknown.

A mutated murine cell line designated
RMA-S, originally selected for loss of class I
surface expression (3), is defective in the
assembly of peptide—class I complexes (4).
Thus, virally infected RMA-S cells are resist-
ant to lysis by specific CTLs. These cells
produce normal class I and B,-microglob-

Dcﬁartmcnt of Microbiology and Immunology, Medical
College of Vi a Commonwealth mvcrsnty,
Richmond, VA 23298-0678.
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ulin mRNA and polypeptides, which, in the
absence of bound peptide fragments, fail to
associate in a stable manner and are rapidly
lost from the cell surface at 37°C. Exoge-

1 GGGAACACTC

nously added antigenic peptides bind to and
stabilize these “empty” class I molecules,
thereby rescuing class I surface expression
and rendering the cells sensitive to lysis by
CTLs (4). Although the genetic defect in
these cells has not been mapped, the defect
in several mutant human cell lines with a
similar phenotype (5) maps to the class II
(HLA-D) region of the human MHC. The
class II region of the rat MHC also contains
a polymorphic, trans-acting gene (called cim,
for class I modifier)(6). Mapping data in the
rat system, in which all known MHC genes
are colinear with the murine MHC, suggests
that the murine equivalent of the cim gene
maps between the H-2K and I-A, genes,
most likely between Ag; and Ag, (7). This
location is consistent with the location of
the deletions in the class I-defective human
cell lines. The molecular and genetic evi-
dence thus suggests that the class II region
of the MHC contains a gene or genes in-
volved in antigen processing and presenta-
tion to class I-restricted T cells. It is possible
that the defective gene in RMA-S and the
human class I mutants may be identical to
the cim gene.

The Ag; to Ap, region of the murine
MHC contains at least seven previously un-
detected genes (8). Three of these genes are
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Fig. 1. Nucleotide and deduced amino acid sequence (22) of the HAM1 gene. The nucleotide sequence
was compiled from three overlapping cDNA clones (B1, B3, and B5). Clone B1 includes nucleotides
1682 to 2355; B3, nucleotides 1 to approximately 2300; and BS5, nucleotides 918 to 2298. The
nucleotide sequence of overlapping portions of the three clones that were sequenced are identical except
for the G residues at positions 2239 and 2241 in the 3’ untranslated region, which are both T residues
in B5. The assignment of these nucleotides as G was confirmed by sequencing cloned BALB/c genomic
DNA. In the nucleotide sequence, the polyadenylation signal sequence is underlined and the stop codon
identified with an asterisk. In the protein sequence, putative membrane-spanning regions are under-
lined, potential N-linked glycosylation sites are boxed, and the two regions putatively involved in ATP
binding are shaded. Numbering on the left refers to nucleotide positions, and numbering on the right
refers to amino acid positions. The GenBank accession number for the nucleotide sequence is M55637.
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