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Abstract Although natural killer (NK) cells have been
described as non-MHC-restricted, new evidence suggests
that NK activity can be either up- or down-regulated
after interaction with the peptide-MHC-class-1 complex
expressed on target cells. However, the epitope(s) rec-
ognized by NK cells have remained ill-defined. We in-
vestigated NK cell recognition of synthetic peptides
representing a portion of a self-protein encoded by the
HER-2/neu (HER-2) proto-oncogene and presented by
HLA-A2. HER-2 nonapeptides C85, E89, and E75 were
found partially to protect T2 targets from lysis by freshly
isolated and interleukin-2(IL-2)-activated NK cells (ei-
ther HLA-A2" or A27). This inhibition was not solely
due to changes in the level of HLA-A2 expression or
conformation of serological HLA-A2 epitopes. Using
single-amino-acid variants at position 1 (Pl) of two
HER-2 peptides, we observed that protection of targets
was dependent on the sequence and the side-chain.
These results suggest similarities in the mechanism of
target recognition by NK and T cells. This information
may be important for understanding the mechanisms of
tumor escape from immunosurveillance and could help
explain the aggressiveness of HER-2-overexpressing
tumor cells.
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Introduction

Natural killer (NK) cells are thought to play an im-
portant role in the elimination of virus-infected cells and
cancer cells [5, 26, 39]. Although target-cell killing by
NK cells has traditionally been described as non-MHC-
restricted, interaction of NK-cell-inhibitory receptors
with MHC class I molecules often leads to a down-
regulation of NK cytolytic function in proportion to the
level of MHC class I expression on the targets [20, 27,
40, 42]. Recent reports also indicated that single amino
acid mutations within the peptide-binding groove of the
MHC molecule can affect target cell sensitivity to lysis,
suggesting that NK cells recognize different conforma-
tions induced by peptides bound in the MHC class 1
pockets [19, 37]. This hypothesis has been supported by
observations that external loading of target cells with
either self or foreign peptides can enhance or inhibit
sensitivity to NK-mediated lysis in a peptide-specific
manner independent of the level of MHC class 1 up-
regulation [7, 25, 28, 38]. However, the basis for peptide
specificity in the induction of lysis or protection is un-
known. Further analysis of the mechanism of NK rec-
ognition of peptides may provide an important insight
into the function of NK cell specificity for tumor cells.

The HER-2/neu (HER-2) proto-oncogene product is
overexpressed in a variety of human cancers including
breast, ovarian, colon, lung, and stomach, and its
overexpression by breast and ovarian cancers has been
shown to correlate with earlier relapse and a worse
prognosis [36]. Since it has been reported that HER-2
overexpression also correlates with decreased NK cell
activity [41], we wanted to determine if HER-2 peptides
are directly involved in NK cell inhibition. Therefore, we
used HER-2 peptides recognized by cytotoxic T lym-
phocytes (CTL) as targets, where the question of the
sequence specificity in NK recognition can be addressed.
In this report we investigated the ability of freshly iso-
lated and in vitro interleukin-2(IL-2)-activated NK cells
to recognize self-HER-2 peptides that bind to the HLA-
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A2 molecule with variable affinities and induce confor-
mational changes in the ol and o2 domains. We found
that these peptides decreased NK-mediated lysis of T2
cells, and the ability to inhibit lysis depended more upon
peptide sequence than the ability to up-regulate or in-
duce conformational changes of HLA-A2 on the target
cells. Interestingly, the peptide that induced the most
HLA-A2 up-regulation and conformational changes
inhibited lysis least. Furthermore, targets pulsed with
HER-2 peptide variants containing amino acid substi-
tutions at position 1 (P1) showed either side-chain-
dependent protection or increased sensitivity to NK-
mediated lysis. Again, increased levels of lysis inhibition
among the peptides did not correlate with increased
levels of expression of HLA-A2, as detected by the W6/
32 mAb specific for a monomorphic MHC I epitope (a3
domain), and lysis inhibition did not correlate with
conformational changes of HLA-A2 detected by the
MA2.1 mAb (ol domain). Peptides that induced the
most change in expression and conformation of HLA-
A2 were often less effective at inhibiting lysis. However,
the enhanced sensitivity to NK lysis seen with one
peptide was paralleled by changes in the conformational
epitope recognized by the BB7.2 mAb (a2 domain).
These results indicate an important effect of changes in
peptide sequence at position 1, and provide further ev-
idence that the mechanism of NK target recognition has
some similarity to that of T cells in that it is determined
by interactions of peptide side-chains with NK recep-
tors. These findings may also be helpful in explaining
why cancer patients with tumors overexpressing HER-2
have a worse prognosis.

Materials and methods

Target cells

The T2 line has been described previously [15] and was a generous
gift from Dr. Peter Cresswell (Yale Univeristy School of Medicine,
New Haven, Conn.). The B cell line C1R:A2, an HLA-A2-gene-
transfected derivative of CIR, was a gift from Dr. William Bid-
dision (National Institute of Neurological Disorders, Bethesda,
Md.). CIR:A2 cells were transfected with the plasmid
pCMV.HER-2 encoding a full-length HER-2 cDNA (the kind gift
of Dr. Mien-Chie Hung, Department of Tumor Biology, M.D.
Anderson Cancer Center). C1R:A2:HER-2 transfectants were
selected by resistance to hygromycin B by co-transfection of
SV2.Hygro plasmids (ATCC, Rockville, Md.).

Effector cells

Peripheral blood buffy coats of normal donors were purchased
from a local blood center, and mononuclear cells (PBMC) pre-
pared by Ficoll-Hypaque gradient separation [24]. NK cells were
enriched to high purity by negative selection using a MACS NK
Isolation Kit (Miltenyi Biotec, Auburn, Calilf.). In brief, PBMC
were incubated for 15 min at 4 °C with a cocktail of monoclonal
antibodies (mAb) recognizing CD3, CD4, CD19, and CD33, wa-
shed, and then incubated for an additional 15 min with colloidal
superparamagnetic microbead-labelled antibody reacting to the
primary antibodies (Beckton Dickinson, Mountain View, Calif.).
The cells were then passed twice through an iron-wool column
placed within a strong magnetic field, and the nonadherent cells
collected. The effluent population was routinely 91.7%-98.2%
CD56", CD3™ NK cells, 0.1%-1.4% CD56", CD3" T cells, and
0.2%-1.3% CD56~, CD3" T cells as determined by two-color flow
cytometry [35].

For IL-2 activation, NK cells were cultured for 5-7 days in
RPMI-1640 medium supplemented with 10 mM HEPES buffer,
10% human AB serum, antibiotics, 2 mM glutamine, 2 mM sodi-
um pyruvate, 0.1 mM nonessential amino acids, 50 uM 2-mer-
captoethanol (complete RPMI medium), and 500 U/ml highly
purified human recombinant rIL-2 (18 x 10° IU/mg; Cetus Corp.,
Emeryville, Calif.). The NK cell line, NKL (kindly provided by Dr.
M.J. Robertson, Dana Farber Cancer Institute, Boston, Mass.) was
obtained from peripheral blood of a patient with a CD3~, CD16™",
CD56" large granular lymphoproliferative disorder [18]. These
cells were maintained in culture in complete RPMI medium sup-
plemented with 30 U/ml IL-2.

In some experiments, the CTL line 41 (CTL-41) was used as
a source of effectors. This line was developed by repeated in
vitro stimulation of HLA-A2" peripheral blood mononuclear
cells from a healthy donor with peptide C84: HER-2 (971-
979 V) and a longer peptide C43: HER-2 (968-981) [12]. For
these studies, CTL-41 were maintained in culture with monthly
restimulation with 10 pg/ml C84 peptide and autologous or
allogeneic HLA-A2" PBMC. The CTL used as effectors were
selected on mAb-coated plates (AIS Micro CELLector, Applied
Immune Sciences, Menlo Park, Calif.), and were CD3 ", CD4",
CD8 ™. Clones were isolated from the CTL-41 line, as previously
described [14].

Synthetic peptides

Synthetic peptides corresponding to sequences in HER-2: E75
(369-377), E89 (851-859), C85 (971-979), and recognized by
ovarian tumor-specific CTL, have been reported previously [12—-14].
The amino acid sequences of these peptides are shown in Table 1.
Variants of the C85 peptide substituted at P1 are designated as G1,
F1, T1, and K1 [12]. The E75 peptide substituted at P is designated
as peptide F41. The synthetic peptides used in this study were
prepared by the Synthetic Antigen Laboratory of M.D. Anderson
Cancer Center, purified to 92%-95% by HPLC, and dissolved
in phosphate-buffered saline (PBS) at a stock concentration of
1 mg/ml.

Table 1 Sequences of synthetic

HER-2 peptides Code Position 1 2 3 4 5 6 7 8 9
E75 369-377 K | F G S L A F L
F41 G - - - - - - - -
E89 851-859 v L \'% K S P N H \%
C85 971-979 E L A% S E F S R M
Gl G - - - - - - - -
F1 F - - - - - - - -
T1 T - - - - - - -
K1 K - - - - - - - -
C84 E - - - - - - 18]




Cytotoxicity assay

The !Cr release assay has been described in detail previously [24].
For peptide-pulsing experiments, >'Cr-labelled T2 cells were dis-
pensed into 96-well microtiter plates and preincubated for 2 h in
serum-free RPMI medium, to which was added either 10 pl peptide
(100 pg/ml final concentration), or an equivalent volume of PBS as
a control. Effector cells, suspended in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum, were then added in vari-
ous E:T ratios (ranging from 40:1 to 1:1), and the culture
supernatants were tested for chromium release after 4-5 h of cul-
ture. Each experimental condition was tested in triplicate. Results
are expressed as the percentage specific lysis according to the for-
mula (E — S)/(M — S) x 100, where E is the radioactivity (cpm) of
experimental wells containing both effectors and targets, S is the
spontaneous release of >!Cr from targets incubated in medium
(with and without peptide), and M represents the radioactivity for
targets incubated with 0.2% Triton X-100 (maximum release). In
some experiments the cytotoxicity was expressed as lytic units
(LU), where 1 LU is the number of effector cells required for lysis
of 30% of the target cells [35]; when this calculation is used, the
results are expressed as LU30/10° effector cells.

In studies designed to analyze the sensitivity of HER-2-
gene-transfected cell lines to lysis, NK or CTL effector cells were
incubated for 4-5 h with 3'Cr-labelled C1R:A2:HER-2-transfected
target cells at effector-to-target ratios (E:T) ranging from 12:1 to 50:1

Flow-cytometric analysis

Expression of HLA-A2 on T2 target cells was evaluated by flow
cytometry, using BB7.2, MA2.1 and W6/32 mAb. W6/32 mAb
(Dako, Dakopatts, Denmark) recognizes a monomorphic epitope
common to HLA-A, -B, and -C. The anti-HLA-A2 mAb, BB7.2
(mouse IgG2b) and MA2.1 (mouse IgG1) were obtained from the
American Type Culture Collection (ATCC). Other antibodies used
in this study included anti-CD11a, anti-CDI18, anti-CDS58, and
anti-CD56 (Beckton-Dickinson, Mountain View, Calif.); and Ab2,
reacting with the extracellular domain of HER-2 protein (Onco-
gene Science, Uniondale, New York). Briefly, 5 x 10° cells were
incubated for 30 min at 4 °C with primary antibody (or an isotype
control antibody nonreactive with human cells), washed, and then
incubated for an additional 30 min with fluorescein-isothiocyanate-
conjugated goat anti-(mouse Ig). Flow-cytometric analyses were
performed on 5000 gated events/sample, using a FACScan flow
cytometer (Becton-Dickinson, Mountain View, Calif.) and Consort
30 software.

To analyze the effect of peptide pulsing on HLA-A?2 expression,
T2 cells were incubated for 2 h at 37 °C with 10-100 pg/ml peptide
(or PBS alone as a control), prior to labelling with the primary mAb.
All cells tested were positive for HLA-A2 expression; data are re-
ported as the mean channel fluorescence, indicative of the channel
number corresponding to the average peak of fluorescence [6, 31, 35].

Statistical analysis

The data were analyzed statistically using Prism 2.01 software
(GraphPad Prism for Scientists, Sorrento, Calif.). Multiple groups
were compared by the Newman Keuls one-way analysis of variance.
When only two groups were compared, Student’s z-test was used.
Differences were considered significant when P was less than 0.05.

Results
HER-2 peptides inhibit NK-mediated lysis of T2 cells
In the first series of experiments, we investigated the

effects of HER-2 self-peptides on the sensitivity of T2
target cells to lysis by NK cells. The T2 cells have a
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defect in TAP (transporter-associated with antigen pre-
sentation) proteins and display “empty” HLA-A2 mol-
ecules [33] that can be loaded exogenously with peptides
having the proper anchors for binding to HLA-A2, i.e.
L/M/I/V (P2) and V/L/M/T (P9). For our studies we
used three different synthetic nonapeptides of HER-2
that display these HLA-A2 anchors: E75, E89 and C85
(the amino acid sequences of these peptides are shown in
Table 1). These peptides were previously found to re-
constitute recognition of CD8", CD4~ CTL lines de-
rived from ovarian tumor-associated lymphocytes [12],
suggesting that HER-2 is naturally processed into
identical or similar peptides presented by HLA-A2 on
tumor cells.

The T2 targets were pulsed with peptides at a con-
centration of 100 pg/ml prior to addition of effector
cells. In agreement with others [32], we observed that
untreated T2 targets were sensitive to lysis by freshly
isolated and IL-2-activated peripheral blood NK cells
from all healthy donors tested (Fig. 1). However, T2
cells pulsed with HER-2 peptides were significantly
protected from killing by unstimulated HLA-A2" and
HLA-A2™ NK cells (Fig. 1A, B). These peptides also
protected T2 targets from lysis by IL-2-activated HLA-
A2" and HLA-A2™ NK cells (Fig. 1C, D). The results
from four representative donors of eight tested are
shown in Fig. 1. The reduction in lysis of peptide-pulsed
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Fig. 1A-D Recognition of HER-2 peptide-pulsed T2 cells by
natural killer (NK) cells. Magnetically sorted NK cells from four
healthy donors (one per panel) were tested for lytic activity against
HER-2-peptide-pulsed T2 cells in a >'Cr-release assay. The NK cells
were (A) unstimulated HLA-A2", (B) unstimulated HLA-A2",
(C) interleukin-2(/L-2)-stimulated HLA-A2", and (D) IL-2-stim-
ulated HLA-A2". Significant inhibition of lysis: *P < 0.05
compared to phosphate-buffered saline (PBS) control;
**P < 0.01 compared to PBS control
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target cells was consistently observed at multiple E:T
ratios and ranged from 15% to 30%.

Because sensitivity of target cells to NK-mediated
lysis has been shown to be inversely related to the levels
of MHC class I expression [40], we next determined
whether the resistance of HER-2-pulsed T2 targets to
lysis by NK cells was associated with an increase in
MHC class I molecules caused by peptide-induced sta-
bilization [6]. As shown in Fig. 2, T2 cells incubated with
HER-2 peptides displayed an increase in the relative
density of surface HLA class I molecules as detected by
the HLA-A, -B, -C-specific W6/32 mAb; this was ob-
served as an increase in the fluorescence intensity of
mAb-labelled peptide-pulsed T2 cells compared to con-
trols. However, there were marked differences among
the peptides in the relative density of class I molecules
induced, with an approximately twofold and threefold
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Fig. 2A—-C Up-regulation of HLA-A2 expression by HER-2
peptides. T2 cells pulsed with or without (PBS control) HER-2
peptides, were analyzed by flow cytometry for expression of
epitopes recognized by the W6/32, MA2.1, and BB7.2 mAb. Bars
the mean channel fluorescence (MCF) value, i.e., the channel
corresponding to the mean fluorescence intensity of positively
stained cells

increase caused by E89 and E75 respectively. The C85
peptide only slightly increased MHC class I expression.
Despite these large differences in MHC class 1 expres-
sion, the level of protection afforded by E89 and C85
peptides was comparable. Although E75 increased
MHC expression the most, it was consistently least
effective at inhibiting target lysis (Fig. 1). These results
indicate that the increased resistance of T2 to lysis by
NK cells induced by C85 was not simply caused by up-
regulation of MHC class I molecules.

To determine if peptide-induced protection was re-
lated to changes in the conformation of HLA-A2 mol-
ecules, we also analyzed peptide-pulsed and control T2
cells for expression of conformational epitopes recog-
nized by BB7.2 and MA2.1 mAb. The epitope recog-
nized by the BB7.2 mAb is located on the N-terminal
loop of the a2 domain (including W108) of HLA-A2, in
an area not expected to contact the peptide directly [34].
MA2.1 mAb reacts with the ol domain of HLA-A2 at
residues 64-68, which border the A and B pockets of the
peptide-binding groove; mutations of HLA-A2 in this
area have been reported to affect T cell recognition
significantly [16, 34]. The results in Fig. 2 indicate that
the decrease in the sensitivity of T2 to lysis by NK cells,
after pulsing with a particular peptide, was not pro-
portional to the increase in the expression of either of
these conformational epitopes. On the contrary, while
MAZ2.1 and BB7.2 epitopes were expressed at approxi-
mately threefold higher levels on E75-pulsed T2 cells
compared to untreated or C85-pulsed targets, the pro-
tection induced by E75 was, in most cases, less than that
of the other peptides (Fig. 1).

Recognition of peptide variants by NK cells

Crystallography studies have shown that the N-terminal
(P1) residue of peptides binds within the A pocket of the
MHC molecule, and that the nature of the side-chain of
this residue affects peptide binding to HLA-A2 [3]. To
address the question of whether a single amino acid
substitution at P1 would alter the ability of a HER-2
peptide to protect targets from NK-mediated lysis, we
created a series of C85 variants by replacing the glutanic
acid at P1 with lysine (variant K1), glycine (variant G1),
threonine (variant T1) or phenylalanine (variant F1)
(Table 1). These peptide variants do not have changes in
the dominant anchors for HLA-A2 at P2 (L/M/I/V) and
P9 (V/L/M/I), so they should still bind to HLA-A2.
Using a peptide concentration that was protective for
C85, we tested the ability of the peptide variants to
protect T2 cells from NK-mediated lysis (Fig. 3A).
Significant differences between the peptides were ob-
served regarding their ability to affect T2 lysis. Specifi-
cally, we found that the K1 variant was as effective as
the natural C85 peptide in protecting T2 cells from lysis,
while the F1 and G1 variants did not significantly inhibit
T2 lysis compared to control T2 cells treated with PBS.
In contrast, T2 targets pulsed with the T1 variant not
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Fig. 3A-D Recognition of HER-2 peptide variants by NK cells.
A Immunomagnetically isolated HLA-A2% NK cells were tested
for cytolytic activity against T2 targets pulsed with 100 pg/ml C85
and C85 variants, and the results from four separate donors were
averaged. Data are expressed as lytic units as described in Materials
and methods. * There was significant protection of T2 after pulsing
with C85 (E1) or the K1 variant (P < 0.05 compared to PBS-
treated control T2 targets). ** The T1 variant caused significant
enhancement of T2 lysis compared to both C85-pulsed and control
targets (P < 0.05). B-D Three different mAb (W6/32, MA2.1, and
BB7.2) were used to detect MHC class I expression by T2 cells
pulsed with the same peptides used in A

only were not protected, but instead were even more
susceptible to lysis by NK cells than were PBS-treated
controls. On the basis of a comparison of cytotoxicity
(LU), they were also twofold more susceptible to NK
lysis than C85-pulsed T2.

All of these C85 variants up-regulated and stabilized
MHC class I expression as detected by the W6/32 mAb,
albeit to different degrees (Fig. 3B). The conformational
epitopes recognized by MA2.1 and BB7.2 mAb were
also up-regulated when compared to PBS-treated T2
targets (Fig. 3C, D). The levels of expression of W6/32
and MA2.1 HLA-A2 epitopes on T2 cells pulsed with
K1, Gl, and T1 variants were similar, and they were
higher than the levels induced by C85. The F1 variant
induced a twofold higher increase in these epitopes
relative to the other variants. The T1 and F1 variants
induced the highest levels of BB7.2 epitope expression
among the variants tested.

When the levels of expression of MHC class I and
the BB7.2 and MA2.1 conformational epitopes were
compared to protection from lysis, the ability of a
particular peptide to down-regulate target sensitivity to
NK lysis was not directly proportional to the increase
in the level of HLA-A2 expression. For example, nei-
ther the G1 nor F1 variant was significantly protective,
even though F1 induced a substantially higher expres-
sion of W6/32, MA2.1, and BB7.1 epitopes. Further-
more, compared to C85, the T1 peptide enhanced the
susceptibility of T2 cells to NK-mediated lysis, even
though this variant induced higher levels of HLA-A2
expression and conformational changes. The K1 vari-
ant was as protective as C85, but induced higher levels
of MHC class I than did the natural peptide, as de-
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tected by the W6/32 and MA2.1 mAb. Again, these
data support the observation that increased MHC class
I does not always correlate with enhanced resistance to
lysis by NK cells.

The results in Fig. 3 show a significant role for the P1
residue side-chain in NK inhibition. Protective peptides
in this study (C85 and K1) have charged side-chains,
while the nonprotective peptides (F1 and G1) have
nonpolar side-chains. T1, which enhanced NK sensitiv-
ity, has a hydroxyl group. To confirm that the NK in-
hibition is dependent on the side-chain of the amino acid
at P1, we investigated NK recognition of T2 cells pulsed
with the weakly NK protective peptide E75 and its Pl
variant, F41. In the latter variant, the lysine at P1 in the
natural peptide is substituted with glycine, which lacks a
side-chain (Table 1). This K — G change at P1 of E75 is
identical to the change between the K1 and G1 variants
of C85 described above. Thus F41 was expected to be
less protective than E75. We observed that both E75 and
F41 showed a similar concentration-dependent ability to
up-regulate HLA-A2 expression on T2 cells: for exam-
ple, at 100 pg/ml, the mean channel fluorescence for the
expression of the BB7.2 epitope was approximately
threefold higher for both E75-pulsed and F41-pulsed
targets than for the controls (data not shown). Both
peptides also protected T2 targets from lysis by
the NK cell line (NKL) when used at concentrations of
10-100 pg/ml (Fig. 4A). However, at 200 pg/ml, E75
(charged P1 side chain) was significantly more protective
(P < 0.001) against NK lysis than was F41 (nonpolar
P1 side-chain), supporting the conclusion from the
previous experiment.

To rule out the possibility that the HER-2 peptides
were stabilizing non-HLA-A2 MHC or nonclassical
MHC molecules that could mediate a decrease in NK
sensitivity [1, 2], E75-pulsed T2 targets were treated with
either the HLA-A2-specific MA2.1 mAb or control an-
tibody before lysis by the NK cell line was assessed. As
seen in Fig. 4B, HER-2-peptide-induced inhibition of
lysis was most likely mediated directly through interac-
tion with HLA-A2, because MA2.1 antibody completely
blocked the inhibition of T2 lysis at 100 pg/ml E75
(P < 0.05) and significantly blocked the higher inhibi-
tion at 200 pg/ml E75 (P < 0.01).
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Fig. 4A, B Protection of T2 targets by HER-2 peptides is
concentration-dependent and HLA-A2-dependent. T2 cells pulsed
with E75 or its variant, F41, were tested for susceptibility to lysis by
the HLA-A2" NK cell line, NKL, at an E:T ratio of 40:1. - - - - The
percentage lysis of PBS-treated control T2 targets (78% for A and
42% for B). A Significant protection from lysis: * P < 0.01
compared to PBS-treated control; ** P < 0.001 compared to PBS
control; * E75 inhibited lysis significantly better than F41 at
200 pg/ml (P < 0.001). B E75-pulsed T2 targets were incubated
with HLA-A2-specific blocking antibody (MA2.1) or control
antibody. # MA2.1 completely blocked the protection from lysis
at 100 pg/ml E75 (P < 0.05). * Significant blocking of the
protection from lysis also occurred at 200 pg/ml E75 (P < 0.01)

Recognition of HER-2-transfected C1R:A2 cells
by NK cells

Under physiological conditions, NK cells interact with
HLA-A2 molecules presenting peptides processed en-
dogenously. Therefore, it was of interest to determine if
endogenously processed HER-2 peptides could also pro-
tect target cells from lysis by NK cells. We approached
this question using C1R:A2 cells transfected with the
HER-2 gene (CIR:A2:HER-2" cells). CIR:A2:HER-2"
cells were cloned by stringent limiting dilution, and three
clones (HER-2:G, HER-2:B, and HER-2:L), expressing
different levels of surface HER-2, were tested for sensi-
tivity to lysis by CTL and NK cells. CTL clones (CD3 ",
CDS8 ™", CD4") were developed by in vitro stimulation of
HLA-A2" mononuclear cells from a healthy donor with
C84, a P9-substituted (M — V) C85 peptide [12]. As
shown in Fig. 5, two clones (2C2 and 2C3) recognized the
C1R:A2:HER-2:L clone but not CIR:A2 cells lacking
HER-2 gene expression, suggesting that an epitope simi-
lar to C85 was presented by CIR:A2:HER-2" cells.
However, the HER-2" clones were more resistant to lysis
by IL-2-stimulated NK cells than were the nontransfected
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targets. Furthermore, the sensitivity of the clones to lysis
by NK cells varied inversely with the density of HER-2
expression; i.e. the sensitivity of the transfectants to lysis
ranked G>B>L, while HER-2 expression ranked
L>B>G (Fig. 5).

The HER-2:G targets were most sensitive to NK lysis
even though they expressed a higher density of HLA-A2
than did HER-2:B and HER-2:L. Additional phenotypic
analyses of these clones revealed that they all expressed
only very low levels of CDI18 (LFA-1B) and CDlla
(LFA-1a), while CD54 (ICAM-1) and CD58 (LFA-3)
were expressed at similar levels among the cloned trans-
fectants (Fig. 5SC—E). Therefore, there was no correlation
between adhesion molecule expression and the sensitivity
of HER-2 transfectants to lysis by NK cells. Our data
suggest that quantitative and qualititative changes in the
composition of the naturally processed HER-2 peptides
presented by MHC, rather than alterations in the
expression of MHC class I or adhesion molecules, are
responsible for the protective effects of HER-2.

Discussion

In this report we present novel evidence that HLA-A2-
binding HER-2 peptides, known to form CTL epitopes,
can protect targets from lysis by NK cells. This protec-
tion was found to be dependent upon (a) peptide con-
centration, requiring pulsing with peptides at 50-100 pg/
ml; (b) peptide sequence, since single amino-acid sub-
stitutions could significantly alter the status of target
susceptibility; and (c) side-chain charge, with charged
side-chains at position 1 generally inducing more pro-
tection from NK lysis than uncharged side-chains. In
support of previous studies by others [2, 25, 26, 28, 43],
this indicates that NK cells recognizing peptide-MHC
complexes display a high degree of target specificity.
These findings also suggest that CTL epitopes on tumor
cells may block NK lysis, a mechanism that may have
implications for tumor survival in the absence of CTL.
An increase in the relative ability of a peptide to inhibit
lysis was, in most cases, not associated with increased
expression of HLA-A2 on T2 target cells, or with con-
formational changes of HLA-A2 detected by BB7.2 and
MAZ2.1, suggesting that these serological epitopes are
not solely responsible for inhibition of NK function.
HLA-A2 conformational changes were often seen on
targets that were most sensitive to lysis in this study. For
example, increased staining with the BB7.2 mAb was
associated with enhanced lysis in the case of the TI
peptide and decreased protection from lysis for E75. One
possible explanation for the enhanced sensitivity to lysis
of targets bearing HLA-A2 conformational changes
could be that, although HLA-A2 expression inhibits
lysis, it can only do so if the conformation is not altered
by the peptide. However, the full explanation is proba-
bly more complex, because E89 induced a fair amount of
HLA-A2 conformational changes (both MAZ2.1 and
BB7.2) yet inhibited lysis as effectively as C85, a peptide
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that did not induce such changes in HLA-A2. One al-
ternative explanation for the enhanced sensitivity to lysis
caused by T1 is the hydroxylated side-chain (tyrosine) at
P1, which may have decreased the recognition of HLA-
A2-peptide by an inhibitory NK receptor. Further
experiments are necessary to elucidate this mechanism.

In agreement with previous studies, the peptide con-
centrations required to induce a significant NK-protec-
tive effect were higher than the concentrations required
to sensitize T2 cells to CTL effectors from breast and
ovarian cancer patients [12, 14]. This may indicate that
these effects are only relevant in vitro. However, recent
studies on peptide binding to HLA-A2 molecules indi-
cate that, during 4-6 h of incubation, the number of
class I MHC complexes formed with similar amounts of
exogenously added peptides is in the range of 10°~10%,
which is consistent with the level of expression of a
number of endogenous peptides [17]. Therefore our re-
sults should be relevant to certain pathological condi-
tions, such as viral infections and cancer, where large
amounts of viral or tumor peptides are processed and
presented by MHC class 1. The observation that NK
cells were less effective in lysis of C1R:A2 cells express-
ing high levels of HER-2, than of those expressing lower
levels, is suggestive of this possibility. Thus, protection
from NK-mediated lysis may be dependent not only on
the presence of self-peptides or MHC, but also on the
high-density expression of specific peptide-MHC com-
plexes. These findings are compatible with the use of an
NK-inhibitory receptor with low affinity for the recog-
nition of peptide-MHC complexes. Furthermore, the
same peptides were capable of inhibiting lysis of HLA-
A2" T2 cells by NK effectors from both HLA-A2" and
HLA-A2" donors, indicating that the receptor(s) re-
sponsible for this inhibition are expressed independently
of HLA-A2 expression in the donors.

These studies were performed using highly enriched
(up to 98% purity) NK cells, to exclude a role for T cells
in any of the observed effects. We also observed that
HER-2 peptides protected targets from lysis by an es-
tablished NK cell line. In no experiment, though, was
complete protection of T2 cells by HER-2 peptides ob-
served. This is not surprising, because the NK cells used
in our studies were not clones. It has been shown that
different NK clones can respond differently to the same
peptide-pulsed targets [8, 9, 23, 25], most likely because
of expression of different combinations of inhibitory and
activation receptors. Bulk NK populations were used in
most of our experiments to mimic more closely the ef-
fector/tumor conditions existing in vivo. In fact, it is
important to realize that the 15%-30% of tumor cells
that might be protected from NK cells by HER-2 pep-
tides would represent a substantial number of malignant
cells likely to escape NK cell attack.

Our results show that a side-chain charge at P1 of two
different HER-2 peptides is important for protection
from lysis. It is interest that the requirement for a spe-
cific side-chain in the protection of a target against NK-
mediated lysis suggests that certain NK receptors, or
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structures on NK cells involved in target lysis, directly
contact MHC-bound peptide. Importantly, these effects
were observed for the first time when peptides known to
induce CTL-mediated lysis in the HLA-A2 system were
used. Recent studies have shown sequence-specific NK-
potentiating effects for P8 of nonapeptides, although the
effects were not associated solely with charged residues
at P8 [26]. Furthermore, Peruzzi and collaborators
identified a role for P7 and P8 of HLA-B*2705-associ-
ated peptides in modulation of NK recognition [28§].
Charged side-chains in residues at P7 and P8 in their
system enhanced NK-mediated lysis. These studies
indicate that residues in certain positions of the class-
I-MHC-bound peptides can up- or down-modulate NK
lysis. Nevertheless, the effects may be dependent upon
HLA type or other unknown factors, which may help
explain why one donor of four tested (Fig. 3) in our
study showed a somewhat different-from-average pat-
tern of NK inhibition by the C85 variants (inhibition by
F1 and G1 but not K1; data not shown). It is most likely
that HER-2 peptides were inhibiting lysis directly
through the interaction of HLA-A2—peptide complexes
with NK receptors, since A2-specific mAb significantly
blocked the inhibition. Although the inhibition was not
completely blocked when high levels of peptide were
used, likely explanations are that monomorphic HLA-
A2 was up-regulated more than the MA2.1 conforma-
tional epitope or that the antibody was not saturating
the HLA-A2 at high peptide concentrations. This could
also possibly be due to peptide stabilization of non-
classical MHC, such as the deletion variants described
by Abu-hadid et al. [1].

Positive stimulation (activation) of NK cells may
occur through several different activation or costimula-
tory receptors on NK cells, such as NKR-P1 proteins,
CDI16 and CD28, but it appears that the specificity
of NK target recognition is often not provided by acti-
vation signals, but rather by the presence or absence
of inhibitory signals induced by recognition of
peptide-MHC complexes [20]. It has been suggested
that peptide-induced protection from NK cells may be
due to stabilization and/or conformational effects of
peptides on MHC class I molecules. However, the role
of the peptide in NK recognition is probably not simply
to stabilize MHC class I or to promote changes in MHC
conformation. NK cells express an array of different
receptors that inhibit target cell lysis upon recognition of
MHC class I. Examples are the C-type lectin superfamily
of receptors (e.g. CD94, NKG2) and the killer-cell-in-
hibitory receptors of the immunoglobulin superfamily
(e.g. p 70, p 58) [4, 20, 29]. Several investigators have
now demonstrated that inhibitory receptors on NK cells
not only recognize specific types of MHC but also rec-
ognize a specific subset of peptides on HLA-B or C
[4, 25, 28-30, 43]. Our results in the HLA-A2 system also
show that NK cell recognition is sensitive to mutations
in peptides that minimally affect monomorphic MHC
class I expression. Furthermore, changes in the expres-
sion of conformational MHC epitopes did not appear to

cause the inhibition of NK-mediated lysis in this model,
although such epitopes may have caused increased sen-
sitivity to lysis, as discussed above. It is tempting to
hypothesize that NK receptors use a similar mechanism
of recognition to the one recently proposed for the T cell
receptor [10]; i.e., the proper conformation of the MHC-
peptide complex is required for the receptor to “land”
on the target, while the changes in side-chain moieties
(charge, polarity, van der Waals forces), are responsible
for initiation of signaling. This will explain why ex-
pression of the MA2.1 conformational epitope does not
correlate with recognition, since the epitope recognized
by MA2.1 mAb is directly affected by side-chains of
residues in pocket A (and possibly B) of HLA-A2, while
the BB7.2 mAbD detects altered conformation induced by
the peptide in a different position (02 domain, W108),
which does not interact directly with peptide side-chains.
More extensive studies are needed to address this point,
but this study suggests that a number of mutations in
peptides (including CTL epitopes) presented by MHC
class I may interfere with MHC recognition by NK cells.
These findings may have implications for understanding
the mechanism by which cells infected with viruses (e.g.
influenza or AIDS), and displaying a high rate of mu-
tation, might escape immune defenses. This mechanism
may also apply to tumor cells where overexpression of
certain gene products (e.g. tyrosinase, gp100, or Muc-1)
could lead to the presentation of a high density of self-
epitopes with inhibitory effect on NK cells. An addi-
tional possibility to be examined is that presentation of
mutated peptides (e.g. from p53 or p21 ras) may protect
tumor cells from NK surveillance.

In support of our conclusions, it has been shown
previously that HER-2-overexpressing breast and ovar-
ian cell lines were more resistant to NK-mediated lysis
than nonexpressing (or HER-2'°%) targets [21]. As was
the case also in our investigations, resistance in the latter
studies could not be attributed solely to an increase in
MHC class I or to changes in ICAM-1 expression by the
HER-2" targets [11, 22]. Taken together, these results
suggest that endogenously processed HER-2 peptides
expressed in complexes with MHC class I molecules may
contribute to the resistance of HER-2-overexpressing
tumor cells to NK-mediated lysis. Therefore, further
elucidation of how NK cells recognize peptides may help
to explain the aggressiveness of some tumors, as well as
provide new insight into the nature of NK cell receptors
for antigens.

Acknowledgements The authors would like to thank Timothy
W. King for his assistance in the preparation of this manuscript.
Peptide synthesis was supported in part by core grant 16672.
Supported in part by grants DAMD: 4313 and 7098.

References

1. Abu-hadid MM, Fuji H, Sood AK (1994) Alternatively
spliced MHC class I mRNAs show specific deletion of se-
quences encoding the extracellular polymorphic domains. Int
Immunol 6:323



10.

12.

16.

17.

18.

20.

Borrego F, Ulbrecht M, Weiss EH, Coligan JE, Brooks AG
(1998) Recognition of human histocompatibility leukocyte
antigen (HLA)-E complexed with HLA class I signal se-
quence-derived peptides by CD94/NKG2 confers protection
from natural killer cell-mediated lysis. J Exp Med 187:813
Bouvier M, Wiley DC (1994) Importance of peptide amino
and carboxyl termini to the stability of MHC class I mole-
cules. Science 265:398

Brooks AG, Borrego F, Posch PE, Patamawenu A, Scorzelli
CJ, Ulbrecht M, Weiss EH, Coligan JE (1999) Specific rec-
ognition of HLA-E, but not classical, HLA class I molecules
by soluble CD94/NKG2 A and NK cells. J Immunol
162:305

Brutkiewicz RR, Welsh RM (1995) Major histocompatibility
complex class I antigens and the control of viral infections by
natural killer cells. J Virol 69:3967

Catipovic B, Dal Porto J, Mage M, Johansen TE, Schneck JP
(1992) Major histocompatibility complex conformational
epitopes are peptide specific. J Exp Med 176:1611

Chadwick BS, Sambhara SR, Sasakura Y, Miller RG (1992)
Effect of class I MHC binding peptides on recognition by
natural killer cells. J Immunol 149:3150

Ciccone E, Pende D, Nanni L, Di Donato C, Viale O, Beretta
A, Vitale M, Sivori S, Moretta A, Moretta L (1995) General
role of HLA class I molecules in the protection of target cells
from lysis by natural killer cells: evidence that the free heavy
chains of class I molecules are not sufficient to mediate the
protective effect. Int Immunol 7:393

Correa I, Raulet DH (1995) Binding of diverse peptides to
MHC class I molecules inhibits target cell lysis by activated
natural killer cells. Immunity 2:61

Ding YH, Smith KJ, Garboczi DN, Utz U, Biddison WE,
Wiley DC (1998) Two human T cell receptors bind in a similar
diagonal mode to the HLA-A2/Tax peptide complex using
different TCR amino acids. Immunity 8:403

Fady C, Gardner AM, Gera JF, Lichtenstein A (1992) Inter-
feron-induced increase in sensitivity of ovarian cancer targets
to lysis by lymphokine-activated killer cells: selective effects on
HER2/neu-overexpressing cells. Cancer Res 52:764

Fisk B, Chesak B, Pollack MS, Wharton JT, Ioannides CG
(1994) Oligopeptide induction of a cytotoxic T lymphocyte
response to HER-2/neu proto-oncogene in vitro. Cell Immu-
nol 157:415

Fisk B, Chesak B, Wharton JT, Ioannides CG (1994) Se-
quence motifs of human HER-2 proto-oncogene important
for peptide binding to HLA-A2. Int J Oncol 5:51

Fisk B, Blevins TL, Wharton JT, Ioannides CG (1995) Iden-
tification of an immunodominant peptide of HER-2/neu pro-
tooncogene recognized by ovarian tumor-specific cytotoxic T
lymphocyte lines. J Exp Med 181:2109

Henderson RA, Michel H, Sakaguchi K, Shabanowitz J,
Appella E, Hunt DF, Engelhard VH (1992) HLA-A2.1-asso-
ciated peptides from a mutant cell line: a second pathway of
antigen presentation. Science 255:1264

Hogan KT, Clayberger C, Bernhard EJ, Walk SF, Ridge JP,
Parham P, Krensky AM, Engelhard VH (1989) A panel of
unique HLA-A2 mutant molecules define epitopes recognized
by HLA-A2-specific antibodies and cytotoxic T lymphocytes.
J Immunol 142:2097

Kageyama S, Tsomides TJ, Sykulev Y, Eisen HN (1995) Vari-
ations in the number of peptide-MHC class I complexes re-
quired to activate cytotoxic T cell responses. J Immunol 154:567
Kaufman DS, Schoon RA, Robertson MJ, Leibson PJ (1995)
Inhibition of selective signaling events in natural killer cells
recognizing major histocompatibility complex class 1. Proc
Natl Acad Sci USA 92:6484

Kurago ZB, Smith KD, Lutz CT (1995) NK cell recognition of
MHC class I. NK cells are sensitive to peptide-binding groove
and surface alpha-helical mutations that affect T cells. J
Immunol 154:2631

Lanier LL (1998) NK cell receptors. Annu Rev Immunol 16:359

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

409

Lichtenstein A, Berenson J, Gera JF, Waldburger K, Marti-
nez-Maza O, Berek JS (1990) Resistance of human ovarian
cancer cells to tumor necrosis factor and lymphokine-activated
killer cells: correlation with expression of HER2/neu onco-
genes. Cancer Res 50:7364

Lichtenstein A, Fady C, Gera JF, Gardner A, Chazin VR,
Kelley D, Berenson J (1992) Effects of beta-2 microglobulin
anti-sense oligonucleotides on sensitivity of HER2/neu onco-
gene-expressing and nonexpressing target cells to lymphocyte-
mediated lysis. Cell Immunol 141:219

Litwin V, Gumperz J, Parham P, Phillips JH, Lanier LL
(1994) NKBI: a natural killer cell receptor involved in the
recognition of polymorphic HLA-B molecules. J Exp Med
180:537

Lotzova E, Savary CA, Herberman RB (1987) Induction of
NK cell activity against fresh human leukemia in culture with
interleukin 2. J Immunol 138:2718

Malnati MS, Peruzzi M, Parker KC, Biddison WE, Ciccone,
E, Moretta A, Long EO (1995) Peptide specificity in the rec-
ognition of MHC class I by natural killer cell clones. Science
267:1016

Mandelboim O, Wilson SB, Vales-Gomez M, Reyburn HT,
Strominger JL (1997) Self and viral peptides can initiate lysis
by autologous natural killer cells. Proc Natl Acad Sci USA
94:4604

Moretta L, Ciccone E, Mingari MC, Biassoni R, Moretta A
(1994) Human natural killer cells: origin, clonality, specificity,
and receptors. Adv Immunol 55:341

Peruzzi M, Parker KC, Long EO, Malnati MS (1996) Peptide
sequence requirements for the recognition of HLA-B*2705 by
specific natural killer cells. J Immunol 157:3350

Peruzzi M, Wagtmann N, Long EO (1996) A p70 killer cell
inhibitory receptor specific for several HLA-B allotypes dis-
criminates among peptides bound to HLA-B*2705. J Exp Med
184:1585

Rajagopalan S, Long EO (1997) The direct binding of a p58
killer cell inhibitory receptor to human histocompatibility
leukocyte antigen (HLA)-Cw4 exhibits peptide selectivity.
J Exp Med 185:1523

Rohren EM, McCormick DJ, Pease LR (1994) Peptide-in-
duced conformational changes in class I molecules. Direct
detection by flow cytometry. J Immunol 152:5337

Salcedo M, Momburg F, Hammerling GJ, Ljunggren HG
(1994) Resistance to natural killer cell lysis conferred by
TAP1/2 genes in human antigen-processing mutant cells.
J Immunol 152:1702

Salter RD, Cresswell P (1986) Impaired assembly and trans-
port of HLA-A and -B antigens in a mutant T x B cell hybrid.
EMBO J 5:943

Santos-Aguado J, Barbosa JA, Biro PA, Strominger JL (1988)
Molecular characterization of serologic recognition sites in the
human HLA-A2 molecule. J Immunol 141:2811

Savary CA, Lotzova E (1992) Adhesion molecules on MHC-
nonrestricted lymphocytes: high density expression and role in
oncolysis. Lymphokine Cytokine Res 11:149

Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG,
Keith DE, Levin WJ, Stuart SG, Udove J, Ullrich A, et al.
(1989) Studies of the HER-2/neu proto-oncogene in human
breast and ovarian cancer. Science 244:707

Storkus WIJ, Salter RD, Alexander J, Ward FE, Ruiz RE,
Cresswell P, Dawson JR (1991) Class I-induced resistance to
natural killing: identification of nonpermissive residues in
HLA-A2. Proc Natl Acad Sci USA 88:5989

Storkus WIJ, Salter RD, Cresswell P, Dawson JR (1992)
Peptide-induced modulation of target cell sensitivity to natural
killing. J Immunol 149:1185

Trinchieri G (1989) Biology of natural killer cells. Adv Im-
munol 47:187

Trinchieri G (1994) Recognition of major histocompatibility
complex class I antigens by natural killer cells. J Exp Med
180:417



410

41.

42.

Wiltschke C, Tyl E, Speiser P, Steininger A, Zeillinger R, Kury
F, Czerwenka K, Kubista E, Preis P, Krainer M, et al. (1994)
Increased natural killer cell activity correlates with low or
negative expression of the HER-2/neu oncogene in patients
with breast cancer. Cancer 73:135

Yokoyama WM (1995) Natural killer cell receptors specific for
major histocompatibility complex class I molecules. Proc Natl
Acad Sci USA 92:3081

43. Zappacosta F, Borrego F, Brooks AG, Parker KC, Coligan,
JE (1997) Peptides isolated from HLA-Cw*0304 confer dif-
ferent degrees of protection from natural killer cell-mediated
lysis. Proc Natl Acad Sci USA 94:6313



