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Summary

The strong reaction of T cells against foreign major histocompatibility complex (MHC) antigens,
commonly termed “alloreactivity”, is not only a nuisance for clinical organ transplantation; it
also remains a puzzling question for immunologists. By making use of recent technical developments,
alloreactive T cells nominally directed against a mutation in a single MHC class I molecule were
found to fall into several major categories. One is recognizing peptides whose occurrence is dependent
on one particular MHC allele, another is recognizing peptides supported by several MHC alleles,
and a third is recognizing peptides occurring independently of MHC alleles. In a fourth category,
the binding to MHC of any of a broad range of peptides appears sufficient. In addition, there
are T cells for which no peptide involvement could be detected at all. Even within these categories,
the heterogeneity of T cells is considerable: among 16 K®-reactive T cells analyzed, 15 different

modes of reactions were found.

he trait leading to the discovery of MHC genes 54 yr
ago was the exquisite strength of graft rejection between
members of a species expressing different MHC alleles (1,
2). This strong in vivo reaction, which contributed the afhx
“major” to MHC, found its in vitro correlate later in the
strong activation of T cells confronted by foreign MHC an-
tigen. The phenomenon, termed T cell alloreactivity, is
manifested in high frequencies of precursors specific for a given
foreign MHC, and in the property of unprimed T cells to
become activated in vitro (2-4). Both characteristics contrast
to “normal” T cell responses against foreign antigens, for
example, of viral origin. In these instances, the frequency of
antigen-specific precursors in unprimed T cells is very low
or undetectable, and activation of unprimed T cells specific
for physiologically presented foreign antigen is usually not
observed. For physiological immune responses, it is now well
established that T cells recognize foreign antigen as peptides
processed by APC and presented by self MHC molecules
(5-12). The peptide binding site of MHC class I molecules
has been revealed by crystallography to be a cleft built up
by heavy chain al and &2 domains (13, 14). In contrast to
these relatively well-understood topics, the phenomenon of
T cell alloreactivity is still a puzzling question for immunol-
ogists.
One paper with foresight (15) suggested that alloreactive
T cells may recognize foreign MHC plus unknown cellular
antigens, or peptides, as we would call it now. More recent
reports indeed indicated, by indirect means, involvement of

non-MHC antigens (16-18). Alloreactive T cells were shown
to recognize synthetic peptides derived from MHC sequences
(19-21). Another report indicated involvement of a non-MHC
peptide in allorecognition in one case; the peptide in ques-
tion, however, had also to be produced artificially (22). Al-
loreactivity has also been suggested to involve low afhnity
recognition of high-density alloantigens (23). It can be en-
visaged, for example, that T cells recognizing foreign MHC
molecules independent of any peptide meet some 10° ligands
per cell, whereas peptide-specific T cells meet a few only (24).
Thus, for those not recognizing peptide, a much lower affinity
will suffice for activation. Indeed, a recent report suggested
that peptides need not be involved in alloreactivity (25).
We addressed the problem by taking advantage of two novel
developments. One is the technique of extracting naturally
processed peptides involved in the MHC class I-restricted
antigen presentation pathway, as has been developed for minor
histocompatibility and viral peptides (9-11). The other is the
introduction of the mutant cell line, RMA-S, which appears
to have a defect in peptide presentation; it can thus serve as
a readout target for peptides that are otherwise intrinsically
presented by all cells (26-30). Of the many possible MHC-in-
compatible mouse strain combinations that could be used to
raise alloreactive CTL, we used B6.C-H-2b=1 anti-C57BL/6
(abbreviated, bm1 anti-B6) in most experiments. Both strains
differ at 2 mutation in the H-2K gene; the K molecule ex-
pressed by C57BL/6 and the K*™! molecule differ at three
amino acid residues located in the peptide binding cleft (31).

1059  J. Exp. Med. ® The Rockefeller University Press « 0022-1007/91/11/1059/13 $2.00
Volume 174 November 1991 1059-1071



This strain combination has the advantage that it involves
minimal differences in the MHC molecules of T cells and
target cells but still features all classic aspects of alloreactivity
(2-4, 31). One should keep in mind, however, that unrelated
MHC molecules differ in many more amino acid residues,
including those outside the peptide binding region. Thus,
T cells raised against unrelated foreign MHC molecules might
be more heterogeneous than those against an MHC mutation.

Our results indicate that even the antigens recognized by
mutant-specific alloreactive T cells are of considerable heter-
ogeneity. They can be classified into several distinct catego-
ries. To simplify discussions concerning this complex sub-
ject, we propose a systematic nomenclature for the categories
of alloreactive T cells and the antigens they recognize.

Materials and Methods

Animals. C57BL/6 (abbreviated B6; H-2K*D*), B6.C-H-2"!
(bml; K*™D¥), B6.C-H-2> (bm3; K™D, BALB/c (KD,
BALB.B (K'D"), BALB.5R (K"D¢), BALB.HTG (K‘D*), B10.BR
(K*D¥), B10.D2 (K?D9), and B10.S (K*D*) were bred and main-
tained at the animal facility of Max-Planck-Institut fiir Biologie.
A 4.2-g specimen of Lumbricus terrestris was collected next to the
parking lot of the institute.

Cell Lines. EL4, RMA, RMA-S (26) (all H-2"), Jurkat, and
Jurkat-K® (22) cells were maintained in RPMI 1640 supplemented
with 5% FCS at 37°C in a 5% CO; atmosphere. For mass cul-
tures, cells were expanded in 1 liter of DMEM (Gibco Laborato-
ries, Grand Island, NY) supplemented with 5% FCS in 2-liter roller
bottles (Duran; Schott Mainz, FRG) at 37°C. “RMA-§(26°C)”
or “cold RMA-S cells” indicates RMA-S cells precultured at 26°C
for 24-48 h.

Acid Extraction of Peptides from Whole Cells.  Two to four spleens
of the mouse strains indicated, or 10° tumor cells suspended in 15
ml of 0.1% (vol/vol) TFA were homogenized by douncing (10
strokes) using a borosilicate glass dounce-homogenizer (15 ml;
Braun, Melsungen, FRG). The suspension was further homogenized
by ultrasonication (20 pulses of 1 s; sonifier model B15; Branson,
Danbury, CT). The homogenate was stirred for 30 min at 4°C. pH
was kept at 2.0 throughout this procedure by adding 1% TFA.
Supernatant was collected after centrifugation (150,000 g for 30
min at 4°C). The remaining pellet was extracted again using 7
ml of 0.1% TFA. Combined supernatants of the first and second
extraction were lyophilized overnight (model Gamma 1A; Christ,
Osterode, FRG), resuspended in 2.5 ml of 0.1% TFA, and sub-
jected to a Sephadex G25 coarse gel filtration column (Pharmacia
Fine Chemicals, Piscataway, NJ) (bed volume, 75 ml). Material of
M, <5,000 was collected, lyophilized, and stored at —70°C, if not
immediately used for HPLC separation.

Acid Extraction of Peptides from Purified MHC Class I Mole-
cules. Two slightly different methods were used. For the first
method, five BALB.B spleens were lysed in 20 ml of 1% NP-40
detergent in PBS containing 0.1 mM PMSF using the douncing
procedure as described above. The resulting suspension was stirred
for 30 min at 4°C and centrifuged (5 min, 250 g, 4°C). The
resulting supernatant was centrifuged again (30 min, 150,000 ¢,
4°C). Supernatant from this step was incubated (under gentle agi-
tation; 5-6 h at 4°C) with CNBr-activated Sepharose CL4B beads
(Pharmacia Fine Chemicals), to which K®-specific K9-178 (32) or
DP-specific B22-249 (33) antibodies had been covalently coupled
according to manufacturer’s protocol (0.5 ml of beads were coated
using 0.5 to 1 mg/ml of antibody). Beads were washed twice in
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PBS/0.5% NP-40, once again in PBS, and were subjected to acid
elution by vortexing in 3 ml of 0.1% TFA for 15 min at 4°C. For
the second method, 6-8 x 10° RMA-S cells kept for 24 h at 26°C
were detergent lysed (100 ml of PBS/1% NP-40) and treated as
for the first method. The supernatant from the last ultracentrifu-
gation step (100 ml) was first passed over a chromatography column
filled with anti-K® beads, then over a column with anti-D* beads
(bed volumes, 0.5 ml; flow rate, 0.25 ml/min; 4°C). Loaded beads
were removed from the columns, washed as above, and subjected
to acid extraction as above. Supernatant of both BALB.B- and RMA-
S-derived material was lyophilized, resuspended in 1 m! of 0.1%
TFA, and subjected to HPLC separation.

HPLC Separation of Acid Extracted Peptides. Extracts were solu-
bilized in 1 ml of 0.1% TFA, subjected to a reverse-phase HPLC
column (SuperPac PepS; Pharmacia LKB) (4.0 x 250 mm, 5-um
particles C2/C18), and were eluted using the following Pharmacia
LKB equipment: HPLC-pump model 2248; low pressure mixer
model 2248; variable wavelength monitor model 2141; fraction col-
lector model Frac 100; HPLC Manager software for controlling
elutions and for evaluating data. Elution gradient was as follows.
Solution A, 0.1% TFA; solution B, acetonitrile containing 0.1%
TFA. 0-5 min, 0% B; 5-40 min, linear increase to 60% B; 40-45
min, 60% B; 45-50 min, decrease to 0% B. Flow rate, 1 ml/min;
fraction size, 1 ml, HPLC separations were done at room tempera-
ture. Individual fractions were collected into 1-ml Eppendorf tubes,
dried by vacuum centrifugation (Speedvac; Savant, Farmingdale,
NY), and stored at —70°C.

Cytotoxic T Lymphocytes. For generation of the CTL line
13V0-5, spleen cells from a bml mouse (preimmunized with 10’
irradiated EL4 cells intravenously) were stimulated in vitro with
irradiated (33 Gy from a '¥’Cs source) B6 spleen cells in a-MEM
medium supplemented with 10% FCS for 7 d. Thereafter, sur-
viving cells were restimulated weekly using medium supplemented
with Con A-induced rat spleen cell supernatant as a source of IL-2.
Clones (designated 13V0-5-27.2 and so on) were derived from this
line by limiting dilution at a seeding density of 27 or 9 cells per
well, respectively, 10 d after the lines initiation. Growing cells were
found in <37% of the cultures. Subclones derived from 27.B2 and
27.7 seeded at 0.5 or 1 cell per well showed the same reactivity
pattern (as tested with extracted peptides, see Table 2) as their pa-
rental clones (not shown). The line 13V0-4 and its subline 81.13
was derived from a bm1 mouse preimmunized with 107 B6 cells.
The 26TO series are CTL lines derived from primary in vitro
cultures. 26TO-1 is bm1l anti-B6, 26T0-3 is bm3 anti-B6, and
26T0-5 is B10.HTG anti-B6. For the minor H-specific 1750
series, BALB.B mice were immunized intraperitoneally with 107
RMA cells (1750-1) or RMA-S cells (1750-3). Responder spleen
celis were stimulated in vitro with RMA or RMA-S cells, respec-
tively, in cultures supplemented with IL;2 after day 7. Both lines
do not kill BALB.B targets, indicating that they are specific for
B6 minor H antigens. Both lines do not lyse the natural killer cell
targets K562. The H-4-specific line B21W9 and the H-Y-specific
line 11P9 have been described (9, 34).

CTL Assays. Lysis of either tumor target cells or Con A-in-
duced splenic blast cells in the absence of added peptide (applies
only to Table 1) was tested in a standard *'Cr release assay as de-
scribed (35), using 4-h incubation of CTL and target cells. For
the detection of CTL-recognized peptides, dried HPLC fractions
were dissolved in 300-650 pl of PBS. 30-50 ul of this solution
was used to incubate 10* 5'Cr-labeled RMA-S cells (grown at
normal conditions; i.e., at 37°C), or EL4 cells (in Fig. 3 only) for
90 min in a total volume of 150 ul medium in round-bottomed
wells of 96-well microtiter plates. CTL were added to give a total
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volume of 200 ul. Plates were then incubated for 6 h at 37°C,
followed by harvesting of supernatant and determination of released
radioactivity. Percent specific release was determined according to
standard methods (35).

A Consideration on the Yield of Extracted Peptides. Typically,
~10% of an HPLC fraction (e.g., a fraction was dissolved in 300
ul of PBS, and 30 ) of this was used) was used for CTL assays.
As can be seen from Fig. 1, b, 4, f, and b, or from Big. 4, a-e,
this material could be further diluted by a factor of 10 for many
of the fractions. Thus, 1/100 or less of the material extracted from
two to four spleens is still enough to sensitize 10,000 target cells,
at least for some of the peptides, as seen by 9.6, 27.B2, 26T0-3,
and 27.5 CTL. On the other hand, other peptides occur hardly
over detection limit, e.g., fraction 24 of bm3 cells, as recognized
by 26T0-3 CTL (Fig. 4 b). An absolute calculation on the yield
of extracted peptides is not possible in the present cases, since their
sequence is not known. Using the same extraction procedures, we
have calculated the copy number of K¢- or Db-restricted viral pep-
tides occurring in influenza-infected cells to be between 200 and
500. Synthetic peptides admixed to noninfected cells followed by
mock-extraction were recovered with a yield of 25-100% (36).

Results

CTL Lines. A set of 16 different mouse CTL lines and
clones, all nominally directed against the MHC class I mole-

cule K? and all recognizing the Kb-expressing cell lines EL4
and RMA, were tested on mutant RMA-S targets. The latter
cells have been reported to express only few functional class
I molecules if cultured at 37°C. Upon culture at 26°C, the
cells express what has been called “empty” MHC class I mol-
ecules (29). Some of the CTL lines recognized “warm” as
well as “cold” RMA-S cells, confirming earlier data (30),
whereas the remaining lines did not efhciently recognize warm
RMA-S cells (Table 1). Since peptide-incubated warm RMA-S
cells can be recognized by peptide-specific CTL (27, 29), most
of the above CTL lines were suitable for analyzing peptide
involvement in alloreactivity. The 13VO0 series and 26T0-1
were produced in the mouse strain combination B6.C-H-
2bmt (bm1; H-2b01) anti-C57BL/6 (B6, H-2%). 26T0-3 is
bm3 anti-B6, and 26T0-5 is B10.HTG (K‘D") anti-B6. Table
1 shows the reactivity pattern of these CTL on several target
cells.

Isolation of Naturally Processed “Allopeptides”. We have re-
cently described an acid extraction method allowing isola-
tion and analysis of naturally processed minor histocompati-
bility and viral peptides, as recognized by MHC class
I-restricted CTL (9, 11). This method was applied to extract
naturally occurring peptides from K‘-expressing B6 and
from Kb-negative BALB/c (H-29) spleen cells. The extracted

Table 1. Recognition of Selected Target Cells by a Series of K*-reactive and Minor H-specific CTL

Target cells”

RMA-§
CTL B6 bm1 bm3  B10.HTG BALB/c Jurkat Jurkat-K>® RMA RMA-S (26°C)
Anti-K®
13V0-5 71/39/40  0/0/0 81/62/64  0/1/0 0/0/0  14/8/3 72/61/53 84/88/88 40/20/9  81/53/42
13V0-5-27.2 18/24/41  1/3/0 27/31/28  0/0/0 0/0/0  19/11/6  51/43/52 85/98/92 35/35/30 72/73/69
27.54 46/35/29  0/0/0 33/46/38  0/0/0 0/0/0  21/13/6  50/51/53 79/97/90 0/1/0 11/10/4
27.7 59/71/70  0/0/0 0/0/0 0/0/0 0/0/0 9/8/2 46/48/40 82/81/79 1/5/4 21/24/25
27.B1 65/59/43  0/0/2 0/0/0 0/0/0 0/0/0  24/8/3 92/83/66 86/75/64 1/1/0 11/9/3
27.B2¢ 59/50/60 0/1/0 0/0/5 0/0/0 0/0/0  25/12/5  95/89/86 89/75/75 33/24/12 32/23/13
27] 93/27/6 0/0/0 0/0/0 0/0/0 1/0/0  19/10/6  37/29/21 68/57/45 0/1/1 1/0/0
9.1 12/0/5 0/0/0 19/29/28  0/0/0 0/0/0  10/6/6 29/26/19 80/81/84 14/12/8  53/45/30
9.5 74/64/56  1/0/0 0/0/0 0/1/0 0/0/0  18/10/2  39/38/24 81/93/85 9/11/8  99/86/72
9.6 57/51/42  2/0/1 0/0/0 0/06/0 0/0/0 27/18/7  65/65/74 87/87/87 0/1/0 16/14/15
9.11 14/11/9  0/0/0 5/0/0 0/0/0 0/0/0  13/8/2 54/55/46 51/45/22 1/1/1 1/0/0
13V0-4 23/24/30  0/0/0 0/0/0 0/0/0 0/0/0  27/12/8  35/25/15 19/11/6  0/0/0 2/1/0
13V0-4-81.13 35/13/22  0/2/5 25/21/25  0/0/0 0/0/2  19/13/7  29/18/13 77/89/78 3/1/2 11/15/14
26T0-1 31/35/41 0/4/0 0/0/6 0/0/0 0/0/0  20/11/2  71/62/47 80/82/81 9/8/6 55/42/28
26T0-3 46/46/31  0/0/0 0/0/0 0/0/0 0/0/0  11/10/3  41/45/42 78/79/80 14/10/7  50/43/26
2670-5 31/28/16 1/0/0  27/0/3 2/1/0 0/0/0 13/11/1  45/32/21 75/82/63 4/4/2 35/24/7
Minor H-specific
CTL
1780-1 45/44/42 61/22/38 54/23/31 60/30/28 2/0/0 7/6/1 12/11/5  71/92/80 14/26/20 89/84/56
1780-3 72/60/56 56/57/46 49/43/64 69/56/65 0/0/0  19/16/10 23/20/10 76/75/88 61/68/59 86/79/67

* Target cells were Con A-induced blasts from spleen cells of the strains indicated, or tumor cells. The numbers indicate specific lysis of target
cells at relative E/T ratios of 1:1/1:3/1:9. Starting E/T ratios ranged between 3:1 and 12:1.
1 The clones 27.5 and 27.B2 were also tested on B10.D2 and B10.S target cells, which were not killed.
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peptides were separated by reverse-phase HPLC. Warm RMA-S
cells were incubated with individual peptide fractions and
tested for recognition by alloreactive CTL. The detailed rec-
ognition patterns of B6 and BALB/c extracts by some selected
CTL lines are shown in Fig. 1; a summary of the behavior
of all CTL lines tested appears in Tables 2 and 3. The data
indicate that almost every one of the 16 CTL lines shows
a unique antigen specificity, the majority with peptide in-
volvement.

Peptides Dependent on Specific MHC Alleles.  The clone 27.7
recognizes a peptide eluting at fraction 26 of B6, but not
BALB/c extracts (Table 2, line 3). The occurrence of this pep-
tide is MHC class I dependent (10), as indicated by its pres-
ence in BALBB (H-2") and BALB.5R (K°D9), but not
BALB.HTG (K“D®) extracts (Fig. 2, a—). This is formally
demonstrated by the presence of this peptide (fraction 26)
in Jurkat-Kb, but not Jurkat cells (Fig. 2 d). The latter are

human tumor cells with or without transfected Kb (22).
The peptide is also detected in B10.129-H-4* (H-2%) and
129/v (H-2}), but not in B10.BR (H-2¥), B10.D2 (H-29),
or B10.S (H-2*) extracts (Fig. 2 g; Table 2). Thus, the pep-
tide is strictly dependent on expression of K molecules but
appears independent of non-MHC background genes. The
clone 9.6 is very similar in its reactivity pattern (Fig. 1 a;
Table 2, line 9; Fig. 2, e and h); 9.6 and 27.7 actually repre-
sent the only recurrent specificities among the 16 CTL tested.
The behavior of the two clones is reminiscent of that of minor
H- or virus-specific CTL, which also recognize peptides ab-
solutely dependent on specific MHC alleles (10, 11). Indeed,
the peptide recognized by 9.6 as well as the KP-restricted
minor H peptide H-4> could be eluted from purified Kb
molecules (Fig. 3 a). By contrast, 9.6 did not recognize any
peptide eluted from purified D® molecules, although the Db-
restricted H-Y peptide could be detected (Fig. 3 b). The rela-
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Figure 1. Screening of Kb-directed, alloreactive CTL on B6 and BALB/c peptide extracts. 9.6 (a and b), 27.B2 (c and d), 26T0-3 (¢ and f), 27.5
(g and k), 9.1 (i), 27.B1 (j), and 13V0-4 (k) CTL were tested for recognition of individual HPLC fractions of peptide extracts prepared from B6 (@)
or BALB/c (O) spleen cells. b, d, f, and h show recognition of individual HPLC fractions in titrated concentrations. OD profiles of the separated
material are not shown in this paper, since they look essentially identical to those published in references 9 and 10. We never found any correlation
between any particular OD peak and an activity peak. E/T ratio was between 1:1 and 5:1, spontaneous release of target cells ranged between 17.9% and 30.7%.
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Table 3. CTL Recognition of Peptide Extracts from RMA-S Cells

Extracts from:

CTL RMA RMA-S RMA-S (26°C)
13V0-5-27.5 30/31(+ +) 30/31(+ +) 24(+/-),30/31(+ +)
27.7 26/27(+ +) (-) 26(+),31(+)
27.B1 32(+ +) ND ND
27.B2 24-26(+ +),30(+) (-) (-)
13V0-4-81.13 29(+/-) ND ND
26T0-3 24-26(+ +) (-) (-)*

Peptides extracted from RMA or RMA-S cells cultured at 37°C, or from RMA-S cells cultured at 26°C, were tested for recognition by the CTL
indicated. Presentation of the data is as in Table 2.

* See Fig. 3 e.
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Figure 2. MHC dependency of allopeptides. Acid extracts from BALB.B (KPDP) (a), BALB.5R (K*D4) (b), BALB.HTG (K<Db) (c), B10.BR (H-2k)
(@), B10.D2 (H-24) (A), or B10.S (H-25) (@) (g-i), or bm1 (j and k), or bm3 (@) and bm1 (O) (f) male spleens, or Jurkat (@) and Jurkat-Kb (O)
cells (d-f}) were HPLC separated and tested for recognition by 27.B2 (@) and 27.7 (A) CTL (a—, k), or 27.7 (d and g), 9.6 (e, k, and j), or 27.5
(f, i, and I) CTL as in Fig. 1. B/T ratio was between 5:1 and 21:1; spontaneous release ranged from 15.9% to 28.7%.
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Figure 3. Extraction of peptides from
purified MHC class I molecules. Kb (a) or Db
(b) molecules were immunoprecipitated from
BALB.B male spleens. Peptides eluted from
these preparations were HPLC separated and
tested as in Fig. 1 for recognition by Kb-
directed, alloreactive CTL 9.6 (A) on RMA-S
target cells, or by Kb-restricted, H-4b-specific
CTL B21W9 (), or by Db-restricted, H-Y-
specific CTL 11P9 (V) on EL4 target cells
(a—d). Practions 29 (@) and 30 (A) of a were
assayed in titrated concentrations with B21W?9
CTL (c), and fraction 27 of a was tested with
9.6 CTL (d). (¢) Kb or Db molecules immu-
noprecipitated from cold RMA-S cells were sub-
Jected to acid extraction. HPLC-separated frac-
tions of Kb-eluted peptides (@) or Db-eluted
peptides (Q) were incubated with 5!Cr-labeled
RMA-S cells and assayed for recognition by

®
n
o
°
©
s
2
=
]
e
a
2]
53
fraction no. fraction no.
+C +d
801 o H-4b T 96
a 1 b 1
8 ool ® Kb 429 [ 1 o kb, 427
s a kb, 430
9
S 40
o
@
a
Y 20
N
o2 2
L =S
o ot et
4 0.001 0.1 0.001 0.1
dilution of fraction dilution of fraction
e
26T0-3
801
2 b
£ s} o%%
H oaDP
o Bl
T 401
°
Qa
n
® 20
0
202530 35

fraction no.

tive quantities of the H-4> minor H peptide and the allopep-
tide recognized by 9.6 do not differ, as indicated by the titra-
tion experiment in Fig. 3, ¢ and d).

Peptides Supported by Several MHC Alleles.  The clone 27.B2
finds its main peptide around fraction 25 of K -expressing
B6 and RMA cells, as well as in bm1 and bm3 cells (Tables
2 and 3; Fig. 2 k). To a smaller extent, this applies also to
B10.S (see the titration experiment in Fig. 4 a), but is not
the case with B10.BR or BALB/c cells (Fig. 1 ¢; Table 2).
The peptides eluting at fraction 25 of B6, bm1, or bm3 ex-
tracts, respectively, coelute if subjected to an HPLC gradient
of high resolution power (not shown), suggesting that all
three are identical. The peptide can also be eluted from purified
K?, but not from DP molecules (Table 2). It is likely that
this peptide is presented by Kb, Kb, K3, and H-2* mol-
ecules; the clone 27.B2, however, recognizes only B6 and not
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26T0-3 CTL. E/T between 2:1 and 12:1, spon-
taneous release between 17.3% and 30.7%.

bm1, bm3, or B10.S target cells. 27.B2 recognizes, to a lesser
extent, a peptide at fraction 29 or 30 in some cell extracts,
for example in Fig. 1¢. This can, however, hardly be detected,
as seen in the titration experiment in Fig. 1 d.

Line 26T0-3 recognizes a peptide around fraction 24 in
B6, Jurkat Kb, and RMA cells, as well as in bm3 cells, but
not in BALB/c, bm1, B10.BR, B10.D2, or B10.S cells (Tables
2 and 3). The peptide is elutable from purified K molecules
(in addition to another peptide at 29/30, which is not de-
tected in total cell extracts), but not from Db molecules
(Table 2). Thus, 26T0-3 recognizes a peptide supported by
at least two MHC molecules, Kb and Kbm3,

Exchangeable Peptides? 'The line 13V0-4 recognizes pep-
tides eluting from fractions 24 to 31 of both B6 and BALB/c
extracts (Fig. 1 k). Since this line is uncloned, it is possible
that this pattern reflects a multitude of peptide-specific clones
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Figure 4. Relative quantities of peptides. RMA-S cells were incubated with serially diluted fractions and tested for recognition by the CTL indicated.
(a) fraction 25 each of bm3 (@), bm1 (A), B6 (¥), and B10.S () extracts were assayed with 27.B2 CTL. (b) fraction 24 each of B6 (@) or bm3
(A} extracts assayed with 26T0-3 CTL. (¢) fraction 25 of bm3 (@) and fraction 30 each of bm3 (A) and bm1 (M) assayed with 27.5 CTL. (d and
€) 27.5 CTL were tested for recognition of fraction 30 each of B10.D2 (d) or yeast (¢) extracts. Before the assay, fractions were treated with Proteinase
K followed by boiling (®), or by boiling alone (A), or were mixed with self-digested Proteinase K inactivated by boiling to control for competing
peptides stemming from Proteinase K (O). Proteinase K treatment was done at 0.5 mg/ml in PBS for 2 h at 37°C, followed by boiling for 3 min.

E/T ratio, 3:1 to 6:1; spontaneous release, 15.9-28.0%.

present in this line. However, the MHC independency of the
peptides involved may also suggest that this line recognizes
Kb molecules occupied with any of a broad range of
peptides.

Ubiquitous Peptide. The clone 27.5 shows an intriguing
peptide specificity. It finds a peptide at fraction 30/31 in all
cell extracts analyzed including RMA-S cells and nontrans-
fected human Jurkat cells (Fig. 1, g and k; Fig. 2, f, i, and

I; Tables 2 and 3). Thus, this rather ubiquitous peptide (which
is a genuine peptide, as shown by 99% reduction of its ac-
tivity after proteinase K treatment; Fig. 4 d) is completely
MHC independent. Indeed, it cannot be eluted from purified
KP or D" molecules (Table 2). In addition, however, the
clone sometimes finds (to a marginal extent) a peptide at frac-
tion 26 of B6 extracts, and 24 of cold RMA-S cells (Table
3). The clone efhiciently detects a peptide at fraction 24/25

1 275 | 1P
80 + ‘ +
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2 earthworm
2 6o}
:‘) 1
£ 404
§ T 1 Figure 5. Peptides derived from other
e 207 T species. The ip clone 27.5 (4, b, and d)
T 1 and the fp-clone 9.6 (c) were tested for
R = > o recognition of HPLC-separated peptide
ettt +——— extracts from yeast (a and C), an earth-
worm (b), or E. coli (d). For extraction,
le ] 2 g of Saccharomyces cerevisiae (baker's
d frozen and thawed five times
801 9.6 1 27.5 yeast) was frozen an
4 . and sonicated in 0.1% TFA, and fur-
S T yeast E.coli ther processed as for spleen cells. A spec-
® 807 imen of Lumbricus terrestris was chopped,
0 [ mortared, and sonicated in 0.1% TFA.
§ 407 Half of this material was further pro-
a7 cessed as described for spleen cells. 1.5 g
e 207+ + of E. coli strain C600 pellet was frozen
1 m 1 W and thawed five times, dounced and
0 »> sonicated in 0.1% TFA, and further
ettt ————+ bttt —— processed as for spleen cells. E/T ratio,
20 25 30 35 20 25 30 35 3:1 to 6:1; spontaneous release, 15.9-
fraction no. fraction no. 28.0%.
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of bm3 but not bm1 extracts (Fig. 2 /). Thus, apart from
the ubiquitous peptide, 27.5 recognizes an MHC class I-de-
pendent peptide supported by bm3, and probably also by
K®. The two peptides might actually be related. The ubig-
uitous one, for example, could be a precursor of the MHC-
dependent one. The MHC-dependent one (even if barely
detectable, as in context of K?) is probably the only one ac-
tually presented by cells, and thus the one inducing the respec-
tive alloreactive T cell.

Heteroclitic Peptides. The KP™-supported peptide recog-
nized by 27.5 can be considered as heteroclitic because it is
apparently more abundant in bm3 cells than in K*-
expressing cells, which were used as stimulators to produce
this clone. Another heteroclitic peptide is recognized by the
line 81.13 (also bm1 anti B6) at fraction 28/29 of bm3, but
is not detectable in B6 extracts (Table 2). Both lines recog-
nize B6 as well as bm3 target cells (Table 1).

Peptides: Self and Nonself. ~ All peptides (unless eventually
encoded by H-2K itself) recognized by the alloreactive CTL
described in this study can be considered as self peptides from
both the T cell’s and the target cell’s view, if one uses “self
peptide” in the sense of “contained in a self protein sequence”.
The T cell compartment, however, accepts only those pep-
tides as self that are actually processed and presented by self
cells (37). For the sake of discussion, we shall use the term
“self peptide” in the latter (ie., in the T cell’s) sense.

The clone 27.B2 (bm1 anti-B6) recognizes an MHC-
dependent peptide eluting at fraction 25 from both B6 and
bm1 extracts in similar relative quantities (Fig. 1, ¢ and d;
Fig. 2 k; Fig. 4 a). Thus, 27.B2 recognizes a self peptide.
If the very same peptide can be eluted from both purified
Kb and KP™! molecules, MHC restriction of self tolerance
(38-40) would finally have been proven on the molecular level.
The line 26T0-3 (bm3 anti-B6) is similar to 27.B2 in this
regard, since the MHC-dependent peptide recognized by the
former line is produced by syngeneic bm3 cells as well. The
relative quantity of this peptide (fr.24) is smaller in bm3 as
compared to B6 cells (Fig. 4 b).

The ubiquitous peptide recognized by 27.5 (bm1 anti-B6)
is also produced in bm1 cells syngeneic to the CTL. How-
ever, the MHC-dependent component, probably the one ac-
tually presented by intact B6 target cells, could not be de-
tected in bm1 cells.

Peptides from Mice and Men. The clone 27.5 clearly recog-
nizes a peptide (fr.30/31) present in the human cell line Jurkat
(Fig. 2). Since this peptide shows the same elution behavior
on the reverse-phase HPLC column as the one extracted from
mouse cells (Table 2), and since it is recognized by the same
clone, it is likely that the determinant recognized by 27.5
in fraction 30/31 is conserved between mouse and man.

The allopeptides extracted from Jurkat-K® and B6 cells
recognized by 26T0-3 CTL (Table 2) coelute on an HPLC
gradient of high resolution (not shown). The same is found
with Jurkat KP and B6-derived peptides recognized by 9.6
CTL (not shown). Thus, both peptides are likely to be con-
served between mouse and man. Alternatively, the MHC-
dependent peptides detected by 9.6 and 26T0-3 (and also 27.7
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and 27.B2; see Table 2) in Jurkat-K® but not in Jurkat cells
are derived from the transfected K" itself.

Peptides from Baker's Yeast and Earthworms.  Since 27.5 finds
a peptide in both mouse and man, we were interested in the
possible presence of this peptide in other taxa. The clone de-
tects this peptide also in an annelide, Lumbricus terrestris, and
very efficiently in Saccharomyces cerevisiae, but not in Esche-
richia coli (Fig. 5, a, b, and d). The material extracted from
yeast, which is not recognized by the clone 9.6 (Fig. 5 ¢),
is indeed of peptidic nature, since its antigenicity is destroyed
by proteinase K (Fig. 4 ¢). Thus, the peptide recognized by
clone 27.5 appears to be conserved throughout a wide range
of eukaryotic taxa, but not to be present in prokaryotes.

Can T Cells Recognize Empty MHC Molecules? For the
CTL clones 27.B1, 9.1, and 9.5, as well as for the lines 26 T0-1
and 26T0-5, peptides were not detected in the initial screening,
which used B6 and BALB/c extracts. Since all five CTL recog-
nize, to a greater or lesser extent, cold RMA-S cells (Table
1), we considered them as candidates for CTL capable of recog-
nizing empty MHC molecules. However, we found later that
27.B1 recognizes fraction 32 of RMA extracts (Table 3). Al-
though this fraction yielded 90% lysis, it was only 10-fold
over detection limit, as observed in a titration experiment
(not shown). It is therefore possible that due to cell type-
specific differences in quantities of peptide content, we could
not detect this peptide in B6 spleen cells. Consequently, our
inability to detect peptides recognized by the remaining four
CTL does not establish that these recognize empty MHC
molecules. The fact that the latter four CTL lines react against
cold RMA-S cells is also inconclusive, since we have found
that several of our peptide-dependent clones (27.5, 27.7, 27.B2,
and 9.6) react with cold RMA-S cells (Table 1). The peptide-
specific CTL line 26T0-3, which also recognizes cold RMA-
S cells (Table 1), detects its peptide in material eluted from
purified K® molecules prepared from cold RMA-S cells (Fig.
3 ¢). The same is true for the clone 27.B2 (not shown). Fur-
thermore, the peptide for 27.7 could be extracted from cold
(but not warm) RMA-S cells, albeit hardly above detection
limit (Table 3). In addition, the minor H-specific lines 17S0-
1 (BALB.B anti RMA) and 1750-3 (BALB.B anti RMA-S)
also recognize cold as well as warm RMA-S cells (Table 1).
Other minor H-specific CTL (A.BY anti RMA-S) recog-
nize peptides eluted from K® molecules prepared from cold
RMA-S cells (not shown).

We conclude that not all of the MHC molecules of RMA-S
coming out in the cold are empty (29), and that recognition
of cold RMA-S cells by T cells does not indicate that these
T cells recognize empty MHC molecules. In another recent
report suggesting recognition of empty MHC molecules by
T cells, the absence of peptides could not be formally ex-
cluded (25). Thus, the major question posed in this para-
graph is still open.

Classification. 'The following attempt at classification of
alloreactive T cells is partially hypothetical; we feel, how-
ever, that it will simplify future discussions.

The four lines without detectable peptide involvement are
still candidates for the ability to recognize “empty” MHC



molecules. We propose to provisionally term this category
of alloreactive T cells np (for no peptide detectably involved).
Alloreactive T cells that are demonstrated to recognize empty
MHC molecules may then be allocated to an as yet hypothetical
mt category. The 11 peptide-dependent lines fall into at least
four categories: those recognizing a peptide produced by the
target cell in a strictly MHC allele-specific way (for example,
9.6, 27.7) are termed fp (for peptide faithfully MHC depen-
dent); those recognizing peptides occurring in the context
of more than one MHC molecule (for example, 27.B2) are
termed pp (for dependent on promiscuous peptides); those
for which various peptides suffice (for example, probably 13V0-
4) are termed vp. Although the existence of this category
is not proven by our present data, we include this category
here for theoretical reasons. In addition, we now have pre-
liminary data on a CTL clone that probably will prove the
existence of this category (M. Opladen et al., unpublished
data). Finally, those CTL that recognize a distinct, but MHC-
independent peptide (for example, 27.5) are termed ip. The
peptides recognized by alloreactive T cells should then be
classified accordingly into fp, pp, vp, or ip peptides. The only
T cell category whose members can belong to a second cate-
gory as well is ip, as exemplified by 27.5, which recognizes
a KP3-dependent peptide in addition to an ip peptide. More
categories might be found when alloreactive T cells from other
strain combinations are being tested.

Discussion

We have analyzed the relatively low number of 16 K-
directed alloreactive CTL lines for their peptide involvement.
Most of these CTL lines show peptide dependency; all CTL
but one pair are different from each other. The number of
different alloreactive CTL nominally reacting against a single
MHC molecule, therefore, must be large, confirming the con-
clusion reached by analyzing alloreactive CTL by crossreac-
tivity patterns (41, 42). It should be noted, however, that
we have taken into consideration only CTL reactive against
a single MHC molecule, and most of these CTL were de-
rived in a single strain combination, bm1 anti-B6.

Taking into account the different peptides recognized by
our alloreactive CTL, the enormous number of combinato-
rial possibilities for binding of cellular peptides to MHC mol-
ecules appears to be the reason for the complexity of alloreac-
tivity (15). In addition, alloreactive T cells may recognize
conformational differences between MHC molecules largely
independent of the peptides bound (category vp), or even
on empty MHC molecules, although no conclusive evidence
has been found to formally demonstrate T cell recognition
of empty MHC molecules. Thus, the density hypothesis (23,
24) and the peptide hypothesis (15) are not mutually exclu-
sive; both phenomena might contribute to alloreactivity.

As in the case of minor H and viral peptides (10, 11), the
MHC molecules themselves appear to be involved in the pro-
duction, or at least in the maintenance, of a portion (the fp
and pp categories) of the peptides involved in T cell allorecog-
nition, and probably of all those peptides naturally presented
by MHC class I molecules. Otherwise, it would be hard to
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understand why some peptides occur only in cells expressing
particular MHC molecules. Note that most experiments in
this paper involve peptide extracts from entire cells, and not
from purified MHC molecules. Several models possibly ex-
plaining the MHC dependency of peptides occurring in cells
(including determinant protection or the hypothesis of MHC
being itself a protease) are put together in reference 10.

For the H-4* minor histocompatibility antigen, we de-
tected two peptides. One is MHC dependent, the other is
MHC independent (10). We speculated that the latter might
be a larger precursor molecule from which the smaller, MHC-
dependent, peptide is derived upon interaction with MHC.
The same precursor-endproduct relation could apply for the
MHC independent ip peptide at fraction 30/31 of all cell
extracts, and the MHC-dependent pp peptide at fraction 25
of bm3 extracts, both recognized by 27.5 CTL.

It will be interesting to determine the relative frequencies
of the categories of alloreactive CTL proposed above, and
of other categories likely to be discovered. This should be
carried out in several MHC-incompatible responder-stimulator
combinations, the outcome of which might depend on the
amount and quality of differences between MHC molecules
of responder and stimulator cells. For example, the H-2K"™!
molecule differs from K® at three amino acid residues (31),
all located at the supposed peptide binding sites (13, 14). Thus,
it is possible that the combination bm1 against K® or vice
versa is prone to give rise to especially high frequencies of
peptide-dependent alloreactive T cells. On the other hand,
reactions across unrelated MHC alleles differing in as much
as 40 amino acid residues (many of which are at sites not
directly involved with peptide binding) might yield more T
cells of the mt category (if it exists) or more of the vp type,
or of as yet unknown categories. However, the strength of
T cell reactions in vivo (graft rejection) and in vitro (precursor
frequencies) across single-amino acid vs. 40-amino acid MHC
differences are within the same range (2—4). This argues against
a principal difference in alloreactivity across related vs. un-
related MHC incompatibilities and suggests that what we
see in the combination bm1 anti-B6 is reflecting the general
phenomenon.

For class I-restricted CTL, we have shown that the corre-
sponding proteins giving rise to the peptides can be located
in several cellular compartments (35). It is likely that the same
applies to alloreactive CTL. Some T cells have been reported
to recognize peptides derived from MHC molecules (19-21).
The frequency of alloreactive CTL with specificity for MHC-
derived peptides remains to be determined; in principle, there
is no reason to assume that such T cells should occur with
higher frequency than those specific for any other peptide.

One important problem pertinent to T cell alloreactivity,
namely the reason for the strong primary in vitro response,
is not solved by our results. One hypothesis invokes the high
density of MHC determinants presented by a cell, as opposed
to the relatively low density of determinants composed of
MHC and any given particular peptide (23, 24). This expla-
nation holds only for alloreactive mt or vp T cells. Since we
find alloreactive T cells that recognize specific peptides no
more abundant than minor histocompatibility peptides (Fig.
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3, ¢ and d), determinant density cannot explain alloreactivity
entirely. Here it is important to note that while most of the
CTL (the 13VO0-5 series) tested here were derived from mice
immunized once in vivo, the line 26T0-3, which is also pep-
tide specific, was derived from a primary MLC. Thus, our
data do not offer an explanation for the in vitro activation
of unprimed alloreactive CTL, although the data explain the
high frequency and complexity of alloreactive CTL by the
large number of combinatorial self peptide/ MHC possibilities.
Our data on RMA-S cells seem to contradict previously
reported results. It has been reported that RMA-S cells are
not recognized by bulk cultures of minor H-specific CTL,
that they are not rejected by minor H-incompatible recip-
ient mice, and that virus-infected RMA-S cells are not seen
by virus-specific CTL (27-30). In addition, incubation of
RMA-S cells with MHC-binding peptides increases the den-
sity of detectable cell surface class I molecules. If cultured
at 26°C, RMA-S cells also increase expression of detectable
MHC class I molecules, which then can be stabilized by adding
MHC binding peptides (27, 29). It was concluded that RMA-S
cells have a defect in peptide handling, and that they express
empty MHC molecules, which are unstable at the cell sur-
face at 37°C. The recognition of RMA-S cells by alloreactive
CTL was taken as evidence for recognition of empty MHC
molecules. Since we find recognition of RMA-S cells by
peptide-specific alloreactive CTL and also by minor H-specific
CTL, and since we can elute peptides from RMA-S-derived
KP molecules, we conclude that the previously observed
failure of RMA-S cells to produce peptides in the MHC-
restricted presentation pathway is not absolute. We should
note here that RMA-S cells behave in our hands as described
earlier, as far as immunofluorescence intensity tested with
MHC-specific antibodies is concerned (not shown). In addi-
tion, minor H-specific CTL derived directly from bulk cul-
tures (29) do not kill RMA-S cells also in our hands (not
shown). One possibility for the apparent discrepancy is that
RMA-S cells may have a defect limiting the amount of a given
peptide to be presented, so that only the most abundant pep-
tides are presented efficiently enough to be recognized by T
cells. Another possibility is that RMA-S cells can present only
a selected set of peptides, for example those derived from pro-
teins present in the endoplasmic reticulum (ER).! It has
been speculated that the defect in RMA-S cells lies in the
failure of transporting peptides from the cytosol to the ER
(27, 43). Regardless of the reason behind the defect of RMA-S
cells, it is clear that these mutant cells are extremely useful.
The presentation of a few peptides by these cells does not
take away from their value for studying MHC biology.
One view of the interaction between TCR and MHC/pep-
tide is that the TCR is in physical contact with both latter
molecules (44). Another view is that the TCR touches only
the peptide and that the apparent MHC specificity of T cells
is imposed by the nature of the peptide selected by MHC
molecules for binding (45). A third possibility is that the
TCR touches only the MHC molecule, on which bound pep-

1 Abbreviation used in this paper: ER, endoplasmic reticulum.
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tides can impose confirmational changes. Our data appear
to argue against the second view, since we find that one pep-
tide, which is presented by three different MHC molecules
(Kbm1, Kbm3, and KP), is recognized by the TCR of clone
27.B2 only in the context of one of these (K*). One could
still argue that MHC imposes a change in conformation upon
bound peptides, which is then seen by the TCR. However,
since MHC class I molecules generally present nonapeptides
or octapeptides (this notion is based on the finding that most
naturally processed viral and self peptides are nonapeptides
or octapeptides; 11, 12, 46); the change in conformation would
therefore have to be imposed on such small peptides.

A pertinent question is whether there is any physiological
function for the obviously enormous number of different self
peptides presented by normal cells. It is likely that that high
number is a consequence of the cell’s inability to discriminate
between self and nonself: presentation of as many peptides
as possible would represent selective advantage by increasing
the chance of presenting peptides derived from pathogens.
In addition, however, it is possible that the many different
presented self peptides are the ones involved in positive selec-
tion of immature T cells in the thymus (47), since indirect
evidence indicated involvement of peptides in positive selec-
tion (48, 49). If the set of self peptides presented by thymic
epithelium, which induces positive selection (50}, is roughly
the same as found in spleen cells, for example, one would
have to assume that immature T cells are selected to recog-
nize this multitude of self peptides with low afhinity, which
is enough for inducing the differentiation signal required by
the T cells at that stage, but not enough to trigger mature
T cells. Thereby, T cells would be selected to preferentially
recognize any peptide together with self MHC, under the
assumption that those T cells with low affinity for self pep-
tides presented on self MHC tend to crossreact with high
affinity to other peptides presented by the same MHC. This
model would imply that immature T cells are selected ac-
cording to their ability to react with the allele-specific pep-
tide motifs presented by self MHC class I molecules (46).

The conserved epitope recognized by the clone 27.5 ap-
pears to be a curiosity, since it is found in all the eukaryotes
looked at (mouse, man, and annelide, and yeast) but not in
a prokaryote. It will certainly be of academic interest to iden-
tify this peptide; candidates for it include peptides derived
from conserved proteins such as histones or ubiquitin, which
have then to be cut by MHC-independent proteases. Alter-
natively, the peptide might occur in cells as such. It is con-
ceivable, for example, that a leader peptide, which is essen-
tially a leftover product after a leader-containing protein has
entered the ER and had its leader clipped off, binds to MHC
molecules in the ER, and is then trimmed to the form finally
presented. What the conserved peptide seen by 27.5 certainly
illustrates, however, is the complexity of T cell alloreactivity.
It appears that any self peptide, fulfilling the allele-specific
requirements for MHC class I-restricted presentation (46),
can be presented by MHC and serve as target for alloreactive
T cells.

In conclusion, we have shown that alloreactive T cells nomi-
nally directed against a single MHC class I molecule show



a high degree of complexity in their peptide specificities. It
will be of interest to identify the peptides involved using new
technologies (11, 46). Molecular information on the peptides
involved in allorecognition and the corresponding proteins

should further our understanding of MHC-restricted antigen
presentation, self tolerance, and, as mentioned before, of posi-
tive thymic selection.

We thank J. Klein for support, K. Kirre and G. J. Himmerling for RMA and RMA-S cells, L. A, Sherman
for Jurkat and Jurkat-K® cells, C. Schénbach for E. coli cells, and H.-J. Wallny and L. Yakes for reading

the manuscript.

This work was supported by Sonderforschungsbereich 120.

Address correspondence to Hans-Georg Rammensee, Max-Planck-Institut fiir Biologie, Abt. Immungenetik,
Corrensstr. 42, D-7400 Tibingen, Germany.

Received for publication 28 May 1991 and in revised form 23 July 1991.

References

1.

2.

3.

10.

11.

12.

Gorer, P.A. 1937. The genetic and antigenic basis of tumor
transplantation. J. Pathol. Bacteriol. 44:691.

Klein, J. 1986. Natural History of the Major Histocompati-
bility Complex. J. Wiley & Sons, Inc., New York.

Fischer Lindahl, K., and D.B. Wilson. 1977. Histocompati-
bility antigen-activated cytotoxic T lymphocytes. II. Estimates
of the frequency and specificity of precursors. J. Exp. Med.
145:508.

. Widmer, M.B,, and H.R. Macdonald. 1980. Cytolytic T lym-

phocyte precursors reactive against mutant K® alloantigens are
as frequent as those reactive against a whole foreign haplo-
type. J. Immunol. 124:48.

. Zinkernagel, R.M., and P.C. Doherty. 1974, Restriction of

in vitro T cell-mediated cytotoxicity in lymphocytic chorio-
meningitis within a syngeneic or semiallogeneic system. Na-
ture (Lond.). 248:701.

. Townsend, A.R., J. Rothbard, F.M. Gotch, G. Bahadur, D.

Wraith, and A.J. McMichael. 1986. The epitopes of influenza
nucleoprotein recognized by cytotoxic T lymphocytes can be
defined with short synthetic peptides. Cell. 44:959.

. Shimonkevitz, R., S. Colon, J.W. Kappler, P. Marrack, and

H.M. Grey. 1984. Antigen recognition by H-2-restricted T
cells. II. A tryptic ovalbumin peptide that substitutes for
processed antigen. J. Immunol. 133:2067.

. Demotz, S., H.M. Grey, E. Appella, and A. Sette. 1989. Char-

acterization of a naturally processed MHC class [I-restricted
"Tcell determinant of hen egg lysozyme. Nature (Lond.). 343:682.

. Rétzschke, O., K. Falk, H.-J. Wallny, S. Faath, and H.-G.

Rammensee. 1990. Characterization of naturally occurring
minor histocompatibility peptides including H-4 and H-Y.
Science (Wash. DC). 249:283.

Falk, K., O. Rétzschke, and H.-G. Rammensee. 1990. Cel-
lular peptide composition governed by major histocompati-
bility complex class I molecules. Nature (Lond.). 348:248.
Roétzschke, O., K. Falk, K. Deres, H. Schild, M. Norda, J.
Metzger, G. Jung, and H.-G. Rammensee. 1990. Isolation and
analysis of naturally processed viral peptides as recognized by
cytotoxic T cells. Nature (Lond.). 348:252.

Van Bleck, G.M., and S.G. Nathenson. 1990. Isolation of an
immunodominant viral peptide from the class I H-2K® mol-

1070

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

ecule. Nature (Lond.). 348:213.

Bjorkman, P.J., M.A. Saper, B. Samraoui, W.S. Bennett, J.L.
Strominger, and D.C. Wiley. 1987. Structure of the human
class I histocompatibility antigen, HLA-A2. Nature (Lond.).
329:506.

Garrett, T. P. J., M. A. Saper, PJ. Bjorkman, ].L. Strominger,
and D.C. Wiley. 1989. Specificity pockets for the side chains
of peptide antigens in HLA-Aw68. Nature (Lond.). 343:692.
Matzinger, P., and M.J. Bevan. 1977. Hypothesis: why do so
many lymphocytes respond to major histocompatibility an-
tigens. Cell. Immunol. 29:1.

Marrack, P., and J. Kappler. 1988. T cells can distinguish be-
tween allogeneic major histocompatibility complex products
on different cell types. Nature (Lond.). 332:840.

Mattson, D.H., N. Shimojo, E.P. Cowan, J.J. Baskin, R.V.
Turner, B.D. Shvetsky, J.E. Coligan, W. Lee Maloy, and W.E.
Biddison. 1989. Differential effects of amino acid substitutions
in the B-sheet floor and &2 Helix of HI.A-A2 on recognition
by alloreactive viral peptide-specific cytotoxic T lymphocytes.
J. Immunol. 143:1101.

Olson, C.A., LC. Williams, E. McLaughlin-Taylor, and M.
McMillan. 1989. Creation of H-2 class I epitopes using syn-
thetic peptides: Recognition by alloreactive cytotoxic T lym-
phocytes. Proc. Natl. Acad. Sci. USA. 86:1031.

Song, E.S., R. Linsk, C.A. Olson, M. McMillan, and R.S.
Goodenow. 1988. Allospecific cytotoxic T lymphocytes recog-
nize an H-2 peptide in the context of a murine major histocom-
patibility complex class I molecule. Proc. Natl. Acad. Sci. USA.
85:1927.

Santos-Aguado, J., M.AV. Crimmins, S.J. Mentzer, S.J.
Burakoff, and J.L. Strominger. 1989. Alloreactivity studied with
mutants of HLA-A2. Proc. Natl. Acad. Sci. USA. 86:8936.
De Koster, H.S., D.C. Anderson, and A. Termijtelen. 1989.
T cells sensitized to synthetic HLA-DRJ3 peptide give evidence
of continuous presentation of denatured HLA-DR3 molecules
by HLA-DP. J. Exp. Med. 169:1191.

Heath, W.R., M.E. Hurd, FR. Carbone, and L.A. Sherman.
1989. Peptide-dependent recognition of H-2K" by alloreactive
cytotoxic T lymphocytes. Nature (Lond.). 341:749.

Kaye, J., and C.A. Janeway, Jr. 1984. The Fab fragment of

Natural Peptides Recognized by Alloreactive T Cells



24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

a directly activating monoclonal antibody that precipitates a
disulfide-linked heterodimer from a helper T cell clone blocks
activation by either allogeneic Ia or antigen and self-Ia. J. Exp
Med. 159:1397.

Bevan, M.J. 1984. High determinant density may explain the
phenomenon of alloreactivity. Immunol. Today. 5:128.
Elliott, T.J., and H.N. Eisen. 1990. Cytotoxic T lymphocytes
recognize a reconstituted class I histocompatibility antigen
(HLA-A2) as an allogeneic target molecule. Proc. Natl. Acad.
Sci. USA. 87:5213.

Ljunggren, H.G., and K. Kirre. 1985. Host resistance directed
selectively against H-2 deficient lymphoma variants: analy-
sis of the mechanism. J. Exp. Med. 162:1745.

Townsend, A., C. Ohlén, L. Foster, J. Bastin, H.-G. Ljung-
gren, and K. Kirre. 1989. A mutant cell in which association
of class I heavy and light chains is induced by viral peptides.
Cold Spring Harbor Symp. Quant. Biol. 54:299.

Schumacher, TN.M., M.-T. Heemels, J.J. Neefjes, W.M. Kast,
C.J.M. Melief, and H.L. Ploegh. 1990. Direct binding of pep-
tide to empty MHC class I molecules on intact cells and in
vitro. Cell. 62:563.

Ljunggren, H.-G., N.J. Stam, C. Ohlén, J.J. Neefes, P.
Héglund, M.-T. Heemels, J. Bastin, TN.M. Schumacher, A.
Townsend, K. Kirre, and H.L. Ploegh. 1990. Empty MHC
class [ molecules come out in the cold. Nature (Lond.). 346:476.
Ohlén, C., J. Bastin, H.-G. Ljunggren, L. Foster, E. Wol-
pert, G. Klein, A.R.M. Townsend, and K. Kirre. 1990. Re-
sistance to H-2-restricted but not to allo-H2-specific graft and
cytotoxic T lymphocyte responses in lymphoma mutant. J. Im-
munol, 145:52.

Nathenson, SG., J. Geliebter, G.M. Pfaffenbach, and R.A. Zeff.
1986. Murine major histocompatibility complex class-I mu-
tants: Molecular analysis and structure-function implications.
Annu. Rev. Immunol, 4:471,

Riisch, E., W. Kuon, and G.J. Himmerling. 1983. Target sites
for antibodies and cytotoxic T lymphocytes on H-2 molecules.
Transplant. Proc. 15:2093.

Lemke, H., G.J. Himmerling, and U. Himmerling. 1979. Fine
specificity analysis with monoclonal antibodies of antigens con-
trolled by the major histocompatibility complex and by the
Qa/TL region in mice. Immunol. Rev. 47:175.

Wallny, H.-J., and H.-G. Rammensee. 1990. Identification of
classical minor histocompatibility antigen as cell-derived pep-
tide. Nature (Lond.). 343, 275-278.

Rammensee, H.-G., H. Schild, and U. Theopold. 1989. Protein-
specific cytotoxic T lymphocytes. Recognition of transfectants
expressing intracellular, membrane-associated or secreted forms
of B-galactosidase. Immunogenetics. 30:296.

Falk, K., O. Rétzschke, K. Deres, J. Metzger, G. Jung, and

1071 Rétzschke et al.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

H.-G. Rammensee. 1991. Identification of naturally processed
viral nonapeptides allows their quantification in infected cells
and suggests an allele-specific T cell epitope forecast. J. Exp.
Med. 174:425.

Schild, H., O. Rétzschke, H. Kalbacher, and H.-G. Ram-
mensee. 1990. Limit of T cell tolerance to self proteins by pep-
tide presentation. Science (Wash. DC). 247:1587.

Groves, E., and A. Singer. 1983. Role of the H-2 Complex
in the induction of T cell tolerance to self minor histocom-
patibility antigenes. J. Exp Med. 158:1483.

Matzinger, P., R. Zamoyska, and H. Waldmann. 1984. Self
tolerance is H-2-restricted. Nature (Lond.). 308:738.
Rammensee, H.G., and M.J. Bevan. 1984. Evidence from in
vitro studies that tolerance to self antigens is MHC-restricted.
Nature (Lond.). 308:741.

Melief, C.J.M.,, L.P. De Waal, MY. Van Der Meulen, R.W.
Melvold, and H.1. Kohn. 1980. Fine specificity of alloimmune
cytotoxic T lymphocytes directed against H-2K. A study with
K® mutants. J. Exp. Med. 15:993.

Sherman, L.A. 1982. Evidence for recognition of conforma-
tional determinants on H-2 by cytolytic T lymphocytes. Na-
ture (Lond.). 297:511.

Elliott, T., A. Townsend, and V. Cerundolo. 1990. Naturally
processed peptides. Nature (Lond.). 348:195.

Bjorkman, P.J., and M.M. Davis. 1989. Model for the interac-
tion of T-cell receptors with peptide/ MHC complexes. Cold
Spring Harbor Symp. Quant. Biol. 54:365.

Claverie, J.M., and P. Kourilsky. 1986. The peptidic self model:
areassessment of the role of the major histocompatibility com-
plex molecules in the restriction of the T-cell response. Ann.
Inst. Pasteur. Immunol. 137:425.

Falk, K., O. Rétzschke, S. Stevanovic, G. Jung, and H.-G.
Rammensee. 1991. Allele-specific motifs revealed by sequencing
of self peptides eluted from MHC molecules. Nature (Lond.).
351:290.

Von Boehmeer, H., H.S. Teh, and P. Kisielow. 1989. The thymus
selects the useful, neglects the useless and destroys the harmful.
Immunol. Today. 10:57.

Nikolic-Zugic, J., and M.J. Bevan. 1990. Role of self peptides
in positively selecting the T-cell repertoire. Nature (Lond.).
344:65.

Sha, W.C., C.A. Nelson, R.D. Newberry, J.K. Pullen, L.R.
Pease, J.H. Russell, and DY. Loh. 1990. Positive selection of
transgenic receptor-bearing thymocytes by K® antigen is al-
tered by K* mutations that involve peptide binding. Proc. Natl.
Acad. Sci. USA. 87:6186.

Lo, D., and J. Sprent. 1986. Identity of cells that imprint H-2-
restricted T-cell specificity in the thymus. Nature (Lond).
319:672.



