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MODIFICATION OF THE HER2/NEUDERIVED TUMOR ANTIGEN GP2
IMPROVES INDUCTION OF GP2-REACTIME CYTOTOXIC T LYMPHOCYTES
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GP2 (IISAVVGIL), the p654-662 HER2/neu-derived tumor
antigen, induces HLA-A2-restricted cytotoxic T lymphocytes
(CTL) reactive to various epithelial cancers. The binding
affinity of GP2 for HLA-A2, however, is very low. To improve
the immunogenicity of GP2, we tested 10 different amino
acid substitutions into GP2 at the C- and N- terminus. Five
out of 10 modified peptides, especially those containing phe-
nylalanine at position | (IF), showed a significantly improved
binding affinity to HLA-A2. | F-based modified peptides were
well recognized by GP2-specific CTL. These peptides were
used to stimulate peripheral blood lymphocytes from
HLA-A2 healthy donors using peptide-pulsed autologous
dendritic cells (DC). After 3 or more weekly stimulations,
CTL activity against GP2 pulsed T2 (T2-GP2) and HER2/neu-
overexpressing tumor cells was measured in *' Cr release and
IFN-y secretion assays. The modified peptides significantly
enhanced GP2-specific CTL activity in some donors. In par-
ticular, the peptide with phenylalanine at position |, leucine
at position 2 and valine at position 10 (IF2L10V) maximized
the CTL activity against both T2-GP2 and HER2/neu-positive
tumor cells. Peptide IF2L10V increased not only the binding
affinity to HLA-A2 but also improved recognition of GP2.
These data suggest that DC + modified GP2 may improve
immune therapies for the treatment of HER2/neu overex-
pressing tumors.
© 2001 Wiley-Liss Inc.
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It is well known tha CD8+ CTL play an importart immuno-
logicd role in cance patientst Thee CTL can recogniz short
peptides (9—11 amiro acid), bourd by clas | MHC molecules on
the surfa@ of tumar cells2 Severh immunogent peptides have
bea identified from cance cells especialy from melanona using
tumar specift CTL lines or clones It has been relatively difficult,
however to identify thee antigers from epithelid cance cells,
mainly becaus of the difficulty in establishig tumar specifc CTL
lines3

HER2/nei is a 185 kd transmembram proten tha is overex-
pressd in 30—40% of breas ard ovarian cancers.> We identified
the HLA-A2-restricted HER2/neuderivad peptice GP2 (IISAV-
VGIL, p6%4-662) using tumor-associate lymphocytes isolated
from patiens with ovarian and breas cances ard also showel that
GP2 is sharel betwea severa distind types of epithelid tumors
including non-smal cel lung and pancreati cance cellsé-° These
findings sugges tha GP2 may be an attractive candida¢ for
broadl applicabé vaccire therapy.

Most of the naturaly processd peptides that bind to HLA-
A*0201 contan 2 dominart amino acid anche residus within
their sequenceleucire (L) or methionire (M) at position 2 and
valine (V) at position 9.10.11 Many identified tumor-associated
antigers including GP2 however lack at leag 1 of thee major
ancho residues?13 This mears tha thes tuma antigers bind
poorly to HLA-A*0201 ard only a limited numbe of antigen-
MHC complexa are expressé on the cell surface A recen study
showel tha a low densiy of HLA-A*0201 complexs is closely
related to escae from periphera tolerancet4

To improve immunogeniciy of relatively low binding peptides,
artificial substitutiors of amino acids are routinely introducel in
non-TCR recognitio residuesi.e., positiors 1-3 ard 9 or 10.
Wild-type GP2 lacks both majar ancha residus ard has apoor
binding affinity to HLA-A*0201. Recently severd amimo acid

modificatiors were introducel in GP2 ard the binding affinity of
thee modified peptides were tested'?® Interestingly nore of the
modified peptides significanty improved the binding affinity.

To investigae GP2 further, we introducel single doubk and
triple amino acid substitutiors in GP2 and analyzel the effed on
the binding affinity to HLA-A*0201. In addition ead modified
peptice was testal for induction of CTL using peptide-pulsed
autologos dendritic cells.

MATERIAL AND METHODS
Peptice synthesis

GP2-basé peptides containirg single doubk or triple amino
acid substitutiors were designe accordirg to the HLA-A*0201
binding motif (Table I).10.11 Peptides were purchasd from Gen-
emal Synthess Inc., (San Francisco CA). Synthess was carried
out by a standad solid-phas methal basel on fluorenylmethoxy-
carbony chemistry Recoverd lyophilized peptice was purified by
HPLC on C-18 columrs ard peptice identity and purity (>95%)
was demonstrate by mas spectrometry.

Cultured cell lines

The HLA-A2 +, peptice transporte associate proten (TAP)
deficiert T-B cel hybrid T2 cel line and the HER2/n&l overex-
pressiig ovarian cance cel line, SKOV3, were purchasd from
the American Type Culture Collection (ManassasVA). HLA-A2
transfectd SKOV3, SKOV3-A2, was generatd by electropora-
tion method All cel lines were cultured in RPMI 1640 supple-
mentel with 10% heat-inactivate fetd bovine serum 1% glu-
tamine and 1% penicillin-streptomyai (all from Mediatech,
Herndon VA).

HLA-A2 stabilization assay

T2 cells were pulsed with saturatiy amoun$ of individual
peptides (100 wg/ml) for 12 hr and then stainal with the HLA-A2
specift monoclon&antibod/ (MAb), BB7.2, by indired staining.
After flow cytomety analyss (FACScaliber Bectan Dickinson,
Mountan View, CA) the relative mean channé fluorescence
(MCF-R) was calculatel as follows; MCF-R = mea channel
fluorescene after peptice pulsing (MCFpY MCF without peptide
pulsing (MCFo). Flu-M1 peptice ( GILGFVFTL) was usel as a
control.

Assessmerof the dissociatio rate of peptice from HLA-A2

T2 pulsed with saturatig amouns of peptice were incubatel in
RPMI medium with Brefeldin A (BFA) (Sigma St Louis, MO) at
10 pg/ml for 1 hr at 37°C and subsequenglmaintainel in medium
containirg BFA at 0.5 wg/ml. At the indicatel times aliquos were
stainel with BB7.2 MAb ard analyzel by FACS. The % of

Grart sponsorNIH; Grart numbers RO1 CA6850Q 5T32 CA0962112.

*Correspondene to: Washingta University Schod of Medicing De-
partmen of Surgery 660 S. Euclid Avenue Box 8109 St Louis, MO
6311Q USA. Fax +314-747-2977E-mail: goedegep@msnotes.wustl.edu

Receivel 13 March 2001 Revisal 14 May 2001 Acceptel 4 Jure 2001



GP2 MODIFICATION IMPROVE CTL INDUCTION 541

TABLE | —AMINO ACIDS USED FOR MODIFICATION OF GP2 EPITOPES TABLE Il —BINDING OF GP2 PEPTIDE ANALOGUS TO HLA-A2
Position from N terminus GP2 peptide T2 cell surface Computer
Residues modifFi)caﬁion Sequence a:;g?llléﬁglg?m pr_elz_dlclted
primarily 12
1 2 nvolved in 9/10 Parent IISAVVGIL 1.2 S
recognition 2M IMSAVVGIL 1.8 3.2
3 43 2L ILSAVVGIL 1.8 4.4
9V IISAVVGIV. 1.3 2.0
Dominant primary L V 2L9V ILSAVVGIV. 29 14.5
anchor residues M 2M9V IMSAVVGIV. 1.7 105
Preferred or F | 1F9V FISAVVGIV 3.6 54
acceptable 1F2L FLSAVVGIL 2.6 12.0
residues 1F2L9V FLSAVVGIV 29 39.2
| 1F2L10V FLSAVVGILV. 2.2 319.9
Flu-M12 GILGFVFTL 4.0 550.9

Based on sequencing pools of peptides eluted from HLA-A*020T
on cells. Experimental conditions of T2 cell stabilization assay are described
in Material and Methods. Underlining indicates MCF=R2, which
means high stabilizing ability*Computer analysis was performed by
. . the software "HLA Peptide Binding Predictions,” located in the Bioin-
remaining complex was calculated as MCFp minus MCFo a'hrmatics&Molecular Analysis section on the NIH web sif&h-M1
norrpgllzed to the maximum level (at time zero) of MCF for eacfhdicated an immunogenic peptite derived from influenza virus matrix
peptiae. protein.

HLA typing and subtyping

HLA-A2 status of healthy donors and patients was evaluated yfector cells were coincubated for 4 hr at 37°C and the radioac-
staining of lymphocytes with BB7.2 and the HLA-A2-specifictivity in supernatants was determined with a gamma counter. The
MAb MA2.1. The HLA-A2 subtype was determined by PCR, apercent specific lysis of target cells by CTL was calculated. Spon-
previously describeé? taneous releaseﬁnever exceeded 25% of the mf%ximum. In cytokine
. o : release assays, 1CTL were co-incubated with PGumor cells or
Generation of a GP2 specific CTL line . peptide-loaded T2 cells for 24 hr at 37°C. The concentration of

Mononuclear cells (MNCs) were separated from malignabfyman IFNy in co-culture supernatants was then determined
chest fluid of a HLA-A*0201 breast cancer patient by densitysing a commercially available ELISA kit (Biosource, Camarillo,
centrifugation on 100% Ficoll (Histopaque, Sigma). After S|muIaCA)_
tion with solid-phase anti-CD3 MAb for 24 hr, MNCs were cul-
tured in RPMI with 10% human AB serum supplemented with 50
IU/ml of IL-2 ( Kindly provided by Amgen, Thousand Oaks, CA) ) o RESULTS ) o
and 10 ng/ml of IL-7 (Endogen, Rockford, IL). MNCs received 3AMino acid substitutions of GP2 can increase their binding
weekly stimulations with GP2 pulsed onto irradiated (10,000 radaffinity to HLA-A*0201
T2 cells at a 10:1 responder to stimulator ratio and were then testedtach of the 10 GP2 analogues was assessed for its binding

for specific recognition of GP2. affinity to HLA-A2 by the HLA-A2 stabilization assay using T2.
In vi . f DC The data were compared to the predicted half-life values following
n vitro generation o a computer algorithm (Table IEE Both the HLA-A2 stabilization

DC were generated from peripheral blood (PB)MNCs frorassay and the computer algorithm showed that parent GP2 is a
normal donorsr{ = 4) by centrifugation on Ficoll. PBMNCs were weak binder. Single amino acid substitutions (2L, 2M and 9V)
plated in 10 cr culture dishes (& 10° cells/dish) and monocyte- resulted in moderate improvement in binding affinity. Double and
enriched adherent cells were observedradtel hrincubation at triple amino acid modifications, especially 2L9V and 1F-based
37°C. The non adherent cells were removed and cryopreserved gistifications (1F9V, 1F2L, 1F2L9V, 1F2L10V) markedly en-
the adherent cells were cultured in the presence of 800 U/fnced the peptide binding affinity to HLA-A2 and the stability
recombinant (r)-granulocyte-macrophage colony-stimulating fagcreased more than 2 times as compared to unmodified GP2.
tor (GM-CSF) and 400 U/ml rIL-4 (both from Endogen) in com- . . . )
plete medium supplemented with 10% human AB serum. On D&gcognition of modified GP2 by a GP2-specific CTL line
6, 100ng/ml LPS (Sigma) was added in medium and on Day 7 theTo assess the relative antigenic activity of each modification and
cytokine-treated cells were harvested and used as mature DC.cross-recognition, the recognition of T2 modified peptide by a

. . ) . . . GP2-specific CTL line was evaluated by IFN\secretion (Fig. 1).
In vitro CTL induction using modified GP2 peptides and DC  Aimost all modified peptides except for 9V enhanced antigenicity

After treating with a mild acidic buffer (0.13 M citric acid, pH compared to GP2. In particular, 2L and 1F based modifications
3.0) for 2 min, the DC were pulsed with 1a@/ml of each peptide were strongly recognized by the GP2-specific CTL line. This cell
for 1 hr on ice. The peptide-loaded DC were irradiated with 5,00fhe also recognized thélER2/nedoverexpressing SKOV3-A2,
rads and mixed with MNCs at a ratio of 1:10 in the presence of Hut not the HLA-A2-negative SKOV3.
ng/ml rIL-7 in complete medium supplemented with 10% human . . e
AB serum. On Day 7, the responder cells were restimulated wiftssessment of the dlfsouatlon rate of selected modified GP2
peptide-loaded DC in medium with 10 ng/ml rIL-7 and 50 U/mPeptides from HLA-A*0201
riL-2. Responder cells received at least 3 weekly stimulations. Based on the binding and recognition studies, we focused on 4

) . o ) 1F-based modifications that had both a relatively high binding
Evaluation of antigen recognition by a CTL line and affinity to HLA-A*0201 (MCF-R > 2)17 and were strongly rec-
peptide-induced CTL ognized by a GP2 specific CTL line. Despite the good recognition

Standard®’Cr release assays and cytokine (IfNfelease as of the 2L peptides (Fig. 2), this peptide was not further studied
says were performed to evaluate the recognition of peptide abecause of its inability to significantly improve the T1/2 of pep-
HER2/nesexpressing tumor cell§Cr-labeled T2 cells were pre tide-HLA-A2 complexes and induction of CTL over wild-type
incubated with 10Qug peptide for 1 hr at 37°C. These cells and5P29.13 HLA-A*0201 complexes formed with GP2 were ex-
SICr-labeled T2, SKOV3 and SKOV3-A2 cells were then used asemely unstable, reaching background levels within 1 hr of incu-
targets in cytotoxicity assays (2,000 targets/well). Target cells abdtion at 37°C (Fig. 2). Despite the comparatively high binding
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IFN—y TABLE Il —HALF LIFE OF GP2 PEPTIDE ANALOGUE-HLA-A*0201
COMPLEXES
0 200 400 600 800 1000 (Pg/ml) - —
. . ‘ GP2 peptide modification 1 (hr)
Peptides: T2 Parent 0.16
T2-Flu 1F9V 1.93
1F2L 2.12
GP2 1F2L10V 7.58
oM 1F2L9V 20.84
Flu-mM1 21.58
2L L .
1The half life time of the peptides-HLA-A*0201 complexes was
v [ determined by the dissociation rate of the peptides from HLA-A*0201
2L9V [ molecules.
2M9V
TABLE IV —RECOGNITION OF GP2 BY CTL INDUCED WITH MODIFIED
1F9V PEPTIDES
1F2L GP2 peptide HD1 %specific lysis HD2 %specific lysis HD3 }Frl\"‘/
1F2LOV modification (20:1 E:T) (4 wks) (20:1 E:T) (5 wks) (ﬁ’m
1F2L10V Parent 25 4 52
oage 1F9V 6 3 57
Cell lines: 1FoL 19 1 99
SKOV3-A2 1F2L9V 10 18 75
SKOV3 1F2L10V 34 49 162

Peptide-specific CTL were generated by weekly stimulation of T

Ficure 1 — Recognition of GP2 peptide analogues by a GP2-specifi€lls with autologous DC pulsed with peptide. Recognition of parent
CTL line derived from breast cancer associated lymphocytes. Recéef 2 peptide was evaluated using GP2-loaded T2 cells; in cytotoxicity
nition of T2 + Peptides was evaluated by IFNsecretion (ELISA). assays (HD1 and HD2), or IFN-secretion assays (HD3). The percent
HLA-A2 restriction of this CTL line was assessed by testing the CTIysis or IFN<y secretion in response to T2 only has been subtracted.

line against SKOV3 and SKOV3-A2. Results SEM are shown. —1CD4+ T cell depletion was performed before entering stimula
tions.-2Values in parentheses indicate background % cytolysis (HD1

and HD2) or IFNy release (HD3) when T2 cells without exogenous

. —e—Gp2 peptide were used.
120r —&— 1F9V
—%— 1F2L $Lysis %$Lysis IFN-y
100 —¥— 1F2L10V (%) (%) (pg/ml)
—e— 1F2L9V 30 30 140
80 r —B—Flu

25 120

60 I

10} 20

£ SKROV3

20 |
B SKOV3-A2

15

% Remaining peptide-HLA-A2 complexes

10

Time (hour) 5

Ficure 2 — Assessment of dissociation rate of GP2 analogues from
HLA-A2. Five modifications were selected based on the results of the®

T2 stabilization assay. Experimental conditions of assessment of dis- GP2 1F2L10V GP2  1F2L10V Ge2  1F2LLOV

sociation rate are described in Material and Methods. Results of 3 HD2 HD4 HD3

experimentst SEM are shown. (E:T = 40:1) (E:T = 40:1) (4wks)
(5wks) {3wks)

i i ; ; Ficure 3 — Recognition of ovarian cancer cells by CTL induced with
ﬁ;r;)nrg}\//eg ot?‘f lEXLe:_ Af\g;g]ee&i c\i/(\g”s]t;lfilsi)t\;. alrllcszlllBZ\}_ ngrI%/ ecsihggrt_rlKGPZ parent and 1F2L10V. CTL were induced by weekly stimulation with

e - tologous DC pulsed with GP2 or its modification,1F2L10V. Recogni-
plexes that were significantly more stable with a T1/2 of around?ign of carcinoma cells was evaluated usingHER2/newverexpressing

hours. 1F2L9V even more strongly stabilized the peptide-HLA-Agvarian cancer cell line, SKOV3 and a HLA-A2 transfectant, SKOV3-A2,
complexes. This stability was equal to complexes formed with thoy standar@'Cr release assay for HD2 and HD4 and Ifyecretion for
Flu-M1 peptide (positive control). The calculated half-life time oHD3. Resultst SEM are shown.

each modification are shown in Table IlI.

Screening of modified GP2 peptides for CTL induction release (HD1 and HD2) or IFN-ELISA (HD3). The CTL induc-

The ability of the modified peptides to induce GP2-specific CTton study demonstrated that CTL reactive against the parent GP2
was evaluated by stimulating PBMC derived from 3 consecutivgpitope were induced most efficiently in all 3 donors with
HLA-A*0201 healthy donors with autologous irradiated DC1F2L10V modified peptide (Table 1V). The other 1F-based mod-
pulsed with modified peptide. After 4 or 5 times weekly stimulaiications did not consistently improve induction of GP2-specific
tions, recognition of GP2 peptide by CTL was measuredisr CTL compared to parent GP2.
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Induction of GP2-specific, tumor-reactive CTL inyvitro The most important assay to select a suitable modification of
stimulation with 1F2L10V GP2 is to screen each modification for the ability to induce

To further examine the CTL induced by in vitro stimulation withGP2-specific CTL. According to our binding and recognition as-
1F2L10V modified GP2, CTL were tested against SKOV3, thgays, 1IF2L9V or 1F2L10V are the best immunogenic modifica-
HER2/neuoverexpressing ovarian cancer cell line and SkOv3ions of GP. Although 1F2L9V was the better binder to HLA-A2,
A2, a HLA-A*0201 transfectant. Compared to GP2, the 1F2L10\F2L10V was the better CTL inducer. Itis difficult to explain why
peptide induced strong CTL activity against SKOV3-A2 in all 3LF2L10V is superior to 1F2L9V in terms of CTL induction. A
healthy donors (Fig. 3). The recognition of SKOV3-A2 appearer&ce’_“ study demonstrated that a short term cultured CTL line
HLA-A2 restricted because the HLA-A2-negative SKOV3 in_conjslsteql of a mix of h_eterogeneous CTL clones, with each clone
duced significantly lower levels of recognition. Together the daftaving different biologic features and TCR repertGir&Ve spec-
suggest that the IF2L10V modification of GP2 is the best peptiéate that each GP2 modification may stimulate and expand a

among the modified peptides tested in our study with regard $#ghtly different subset of CTL clones with overlapping functional
induction of GP2-specific and tumor-reactive CTL. characteristics. Consequently, the various CTL lines may differ-

entially recognize the wild-type GP2. This means a modification
that increases both binding affinity and recognition by GP2-spe-
DISCUSSION cific CTL does not necessarily improve induction of GP2-specific
A |arge Variety of tumor antigens encoding T cell epitopes ha\@TL Similar f!ndlngs were observed with modifications of the
been identified8 Most of these antigens are derived from selfelanoma antigen gp109.
proteins. The antigenic peptides, which are potential targets forRecently, HLA-A2-H2K® (A2KP) transgenic mouse were ulti
immune therapy, usually contain subdominant amino acids in lated to analyze the immunogenicity of modified GP2. Serody et
least one of the anchor positions and have an intermediate to lel#4 demonstrated that DC pulsed with the 2L modified GP2
binding affinity for the MHC class | molecufé.1?In the case of injected into A2K transgenic mouse did not enhance a CTL
self-antigens, one would expect that peptides with a high bindimgsponse compared to DC pulsed with GP2. Although the "A2K
affinity for MHC induce tolerance due to thymic selection. Irtransgenic mouse may be a useful system to analyze HLA-A2
contrast, poor binders may permit T cells to escape from negativimding peptides, it should be noted that the huredn'B2 gene
selection and these peptides and T cells may play important rolscodes a completely different amino acid sequences compared to
in tumor-specific immunity42° The poor peptide-MHC binding the murineerb/B2 gene in the GP2 regioi®. This indicates that
makes it difficult to induce peptide-specific T cell immunity,GP2 does not induce tolerance in the mouse immune system and
however, especially from PB#. To overcome this problem, the immunological reaction against GP2 could be different be-
amino acid substitutions have been tested in several tumor amtteen human and mouse.
gens, such ablY-ESO-1gp100as well asMART-12223Several  HER2/neugene is an attractive target molecule to utilize in
modifications successfully improved the binding affinity for HLAtumor immune therapy because of its overexpression in many
and immunogenicity. types of epithelial tumors. So far, several immunogenic peptides
Two reports and our current results demonstrate that GP2 hasawe been identified frorlER2/nel??28 Most of them have an
low binding affinity for the HLA-A*0201 moleculé324|nitially, intermediate to strong binding affinity to HLA-A*0201. In partic-
we considered the lack of dominant amino acids at both anchaar, E75 (p369-377), a so called immunodominant peptide, has
sites the reason for poor binding. This means that double amibeen well characterized.Interestingly, in 1 human trial using the
acid substitutions at positions 2 and 9 would give it a more ideBl75 peptide, a peptide-specific CTL reaction could be easily
binding motif. According to a recent investigation, however, singlgenerated. These CTL, however, failed to recognize breast and
or double amino acid substitutions at anchor residues of GP2 didarian tumor cell lineg® In another trial, both E75 and GP2 were
not significantly increase its binding affinity; instead, the crystatested but only CTL responses against E75 could be detected.
lographic structure indicated that the center of the GP2 peptideTikese CTL also recognized HER2/neuoverexpressing HLA-
“disordered” and does not make stabilizing contacts with th&2+ ovarian tumor cell liné® Compared to E75, which has a
peptide-binding cleft3 In our experiments, single or double amincstrong binding affinity to HLA-A2, GP2 has a relatively poor
acid modifications at the anchor positions did not significantlginding affinity that might inhibit effective CTL inductiom vivo.
improve stabilization of the HLA-peptide complex (data noThe poor binding of GP2, however, may suggest that GP2-specific
shown). To further examine modifications of this unique peptidgrecursor CTL exist and have not been deleted. In fact, there are
we introduced a third amino acid substitution at position 1. Surelatively large numbers of GP2-specific precursor CTL in ad-
prisingly, 1F-based amino acid modifications improved both theanced colon cancer patierfésOur earlier studies showed that
binding affinity to HLA-A2 and recognition by GP2-specific CTLGP2-CTL could be generated from ovarian and breast cancer
even when 1 of the 2 anchor residues still included a subdominguatients®-8 In our current study, a strong GP2-specific CTL reac-
amino acid. According to the algorithm, the triple amino acidion was elicited by modified GP2-pulsed DC from PBL from
substitution 1F2L10V should have the highest binding by fdrealthy individuals. Thus, GP2-specific precursor CTL may be
(Table II), but the dissociation assays showed that although thisesent in normal donors and cancer patients at varying frequen-
modification significantly stabilized the complex, it was similar t@ies and modification of GP2 could efficiently induce GP2 specific
that of 1F2L9V modificatiort® CTL from those precursors.
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