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Abstract Her-2/neu is a tumor-associated antigen that
has been targeted with both antibodies and cytotoxic T
lymphocytes (CTL). Despite the isolation of Her-2/neu-
reactive CTL in vaccinated patients, their therapeutic
use has been limited by the observation that they often
do not robustly recognize Her-2/neu+ tumors. We
sought to determine the mechanism for this escape using
Ag201P and Ag201M cells, which are murine osteosar-
coma tumor lines that express a functional HLA-A2/Kb

molecule. We now demonstrate that Ag201P and
Ag201M express low levels of murine Her-2/neu, and
that Ag201M was modestly and inconsistently recog-
nized by an HLA-A2-restricted, Her-2/neu-reactive hu-
man CTL clone. In order to determine whether
inefficient antigen processing might account for the weak
recognition, COS-A2 cells were transfected with a short
Her-2/neu minigene coding for the immunodominant
Her-2/neu:369 epitope that did not require antigen
processing or a long Her-2/neu minigene that did require
antigen processing. Her-2/neu-reactive CTL clones only
recognized COS-A2 cells transfected with the short
minigene, indicating that lack of proper antigen pro-
cessing could be responsible for the poor recognition of
target cells. To confirm these results, it was demon-
strated that following treatment with interferon-c, both
Ag201P and Ag201M robustly and consistently stimu-
lated the CTL clones. Furthermore, CTL clone recog-

nition was enhanced following interferon-c treatment
using another murine tumor line that expressed low
levels of Her-2/neu (B16-A2/Kb). The enhanced recog-
nition of Ag201P and Ag201M in the presence of
interferon-c was not due to an upregulation of Her-2/
neu protein expression. Collectively, these results suggest
that inefficient antigen processing of Her-2/neu can
contribute to the lack of tumor recognition by CTL.
These results also suggest that even tissues that express
low levels of Her-2/neu might become CTL targets un-
der conditions in which antigen processing is enhanced.
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Introduction

Her-2/neu is a 185-kDa transmembrane receptor protein
that is part of the epidermal growth factor (EGF) family
of receptors. Although there is no known ligand iden-
tified for Her-2/neu, it serves as the preferred binding
partner for the other members of the EGF receptor
family [1]. It has been described as a tumor-associated
antigen that is frequently overexpressed in various types
of cancers, including breast, ovarian, gastric and renal
cell carcinomas [2–6]. The mechanism of action for this
overexpression of Her-2/neu in human carcinomas has
often been attributed to gene amplification, although
other mechanisms also exist (reviewed in [1]).

Expression of Her-2/neu in breast tumors correlates
with poor prognosis [7, 8], therefore, a need to develop
new therapeutic strategies that target Her-2-positive tu-
mors exists. Clinically, this has been achieved primarily
through the use of trastuzumab (Herceptin), a human-
ized murine monoclonal antibody directed against the
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extracellular domain of Her-2/neu [9]. For patients with
Her-2/neu+ breast cancer, the use of trastuzumab, often
in combination with traditional chemotherapeutic drugs,
resulted in longer time to disease progression, higher
rate of objective response, longer survival and reduction
in death risk (reviewed in [10]).

In addition to antibody responses to Her-2/neu, CTL
directed against Her-2/neu have been isolated both from
vaccinated patients and from preexisting effectors in
untreated patients [11–14]. CTL specific for Her-2/neu
epitopes often fail to recognize Her-2/neu-expressing
tumors [15] and Her-2/neu has been described to
downregulate antigen processing [16–18]. Therefore,
levels of Her-2/neu expression on tumor targets and
sensitivity to CTL may not always correlate. To inves-
tigate this further, a CTL clone specific for the immu-
nodominant Her-2/neu:369-377 epitope [12] was tested
against human and murine Her-2/neu-expressing tumor
targets, focusing on our recently described novel murine
osteosarcoma cell lines, Ag201P and Ag201M. We
demonstrate that there was no correlation between Her-
2/neu expression levels and recognition by this CTL
clone. We hypothesize that the reason for this lack of
correlation was the result of inefficient processing of
Her-2/neu and demonstrate that under conditions where
antigen processing was enhanced, or unnecessary, CTL
recognition was enhanced as well. These studies suggest
that tissues in which Her-2/neu is expressed at low levels
might become CTL targets, assuming efficient antigen
processing is occurring.

Materials and methods

Cell lines

Ag201P and Ag201M are murine osteosarcoma cell lines
that are HLA-A2/Kb -positive [19]. Both cell lines were
maintained in DMEM medium (Mediatech, Herndon,
VA, USA) supplemented with 20% fetal bovine serum
(Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin
(Invitrogen), 100 lg/ml streptomycin (Invitrogen),
2 mM L-glutamine (Invitrogen), 0.1 mM non-essential
amino acids (Invitrogen), and 1 mM sodium pyruvate
(Invitrogen). B16, B16-A2/Kb, and COS-A2 cells were
maintained in DMEM medium supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 lg/ml
streptomycin, and 2 mM L-glutamine. T2, C1RA2, and
C1RA2-Her-2 cells were maintained in RPMI medium
(Mediatech, Herndon, VA, USA) supplemented with
10% fetal bovine serum, 100 U/ml penicillin, 100 lg/ml
streptomycin, and 2 mM L-glutamine. C1RA2 and
C1RA2-Her-2 cells are human MHC class I-defective
lymphoblastoid cell lines that overexpress HLA-A2.1
and HLA-A2.1, and Her-2, respectively [20]. Her-2/neu-
reactive human CTL, which recognize the HLA-A2-re-
stricted Her-2/neu:369-377 peptide, KIFGSLAFL, were
raised from a healthy donor by stimulation of the non-
adherent fraction of PBMC with irradiated peptide

pulsed autologous dendritic cells and the adherent
fraction of PBMC. Her-2 CTL clones were maintained
in RPMI medium supplemented with 10% pooled hu-
man AB serum (Valley Biomedical Inc., Winchester,
VA, USA), 100 U/ml penicillin, 100 lg/ml streptomy-
cin, 2 mM L-glutamine, and recombinant human IL-2
(Chiron, Emeryville, CA, USA; 50 CU/ml).

Immunofluorescence analysis

COS-A2 cells were plated at 2.5·105 cells in 6-well plates
overnight followed by a 48 h incubation in the presence
or absence of recombinant human interferon-c (100 U/
ml; Biosource, Camarillo, CA, USA). 5·105 cells were
washed with buffer (Hanks’ balanced salt solution con-
taining 5% FBS and 0.05% sodium azide). Cells were
then analyzed for green-fluorescent protein 24 h after
transfection in order to confirm the presence of a Her-2
minigene-GFP fusion protein. Following two washes in
buffer, the cells were resuspended in 0.5 ml buffer for
immunofluorescence analysis using a FACScan (Becton
Dickinson, Franklin Lakes, NJ, USA). Each histogram
represents the log fluorescence of 104 cells.

Reverse transcriptase polymerase chain reaction

Total RNA was extracted from 1·106 Ag201P or
Ag201M cells using 1 ml Trizol reagent (Sigma, St.
Louis, MO, USA). Samples were treated with RNase-
free DNase (Invitrogen) to prevent genomic DNA con-
tamination during PCR amplification. First strand
cDNA was prepared from 1 lg of total cellular RNA
using first strand cDNA synthesis Kits with oligo dT as
the primer (Invitrogen). All PCR reactions were carried
out in a 50 ll total volume containing 1x PCR buffer,
1.5 lM MgCl2, 200 lM dNTP, 400 nM each of forward
and reverse primers (Invitrogen and IDT, Coralville, IA,
USA), and 1 U of Taq Polymerase (CLP, San Diego,
CA, USA) in a Peltier Thermal Cycler (MJ Research,
Waltham, MA, USA). Reaction conditions were as fol-
lows: after an initial 92�C incubation for 2 min, reac-
tions were amplified for 35 cycles at 92�C for 30 s, 58�C
for 30 s, and 72�C for 60 s. The reactions were then
incubated at 72� for 8 min. PCR amplification products
were separated on a 1% agarose gel and visualized by
ethidium bromide staining. The primers used to amplify
the murine Her-2/neu gene were based on the work of
Nagata et al. [21] and are as follows: mHer-2 forward,
5¢-GGTCTGGGCATGGAGCA; mHer-2 reverse, 5¢-
GTTCCCACTGTGGAGTA.

Real time PCR

Total RNA was extracted and cDNA was prepared
from 5 lg RNA as described above. All real time PCR
reactions were carried out in a 25 ll total volume using
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Platinum qPCR Supermix-UDG (Invitrogen). Reactions
were analyzed using a Perkin-Elmer 5700 thermocycler
and the reaction conditions were as follows: after an
initial 50�C incubation for 2 min, followed by a 95�C
incubation for 10 min, reactions were amplified for 50
cycles at 95�C for 15 s, and 58�C for 1 min. PCR
amplification products were analyzed using TET-BHQ
probes and primer pairs. The primers and probe se-
quences for murine Her-2/neu were as follows: Taqman
mHer-2/neu forward, 5¢-TTCACCGCAACACCCAT
CT; Taqman mHer-2/neu reverse, 5¢-GGTGCGGGT
TCCGGAA; Taqman mHer-2/neu probe, 5¢-TGCTTT
GTAAACACTGTACCTTGGGACCAGC. The prim-
ers and probes for murine b-actin were purchased from
Biosource (Camarillo, CA, USA). Standard curves were
generated using plasmid DNA. Briefly, 300–400 bp
fragments of both murine Her-2/neu and murine b-actin
were amplified from murine cDNA. The murine Her-2/
neu PCR fragment was inserted in TOPO TA (Invitro-
gen) according to the manufacturer’s instructions. The
murine b-actin PCR fragment was amplified using
primers that contained an XhoI restriction site and the
XhoI-b-actin fragment was ligated into the plasmid that
already contained the murine Her-2/neu fragment.
Therefore, standard curves were generated for both
genes from one plasmid. Plasmid DNA was isolated
using a QIAprep Spin Miniprep Kit (Qiagen, Valencia,
CA, USA). The DNA was quantified using a
spectrophotometer and converted to concentration
(nanomolar).

Western blotting

Whole cell protein lysates were prepared from 1·106
C1RA2, C1RA2-Her-2, B16, B16-A2/Kb, Ag201P or
Ag201M cells. For studies in which murine interferon-c
was utilized, cells were treated for 48 h with 100 U/ml
recombinant mouse interferon-c (Biosource). Cells were
lysed in buffer (phosphate-buffered saline containing 1%
Igepal CA-630, 0.5% sodium deoxycholate and 0.1%
sodium dodecyl sulfate, and 1:100 dilution of protease
inhibitor cocktail; Sigma), incubated on ice for 30 min
and centrifuged at 10,000 g for 20 min, after which the
supernatant containing the protein was retained. Total
protein was quantified with the BCA Protein Assay
(Sigma). For electrophoresis, protein was prepared in the
buffer described above, incubated with Tris–glycine SDS
Sample Buffer (Invitrogen) and Sample Reducing Agent
(Invitrogen), and heated at 85�C for 5 min. The samples
were then resolved on a 4–12% Tris–glycine Gel (Invi-
trogen), transferred to nitrocellulose and incubated with
primary antibody. The primary antibodies used were
anti-c-ErbB2/c-Neu Ab-3 (Oncogene Research Products,
San Diego, CA, USA), anti-actin Ab-1 (Oncogene Re-
search Products), or anti-proteasome 20S LMP-2
(Affinity Bioreagents, Golden, CO, USA). Antibody
binding was detected by staining the blots with a goat
anti-mouse horseradish peroxidase conjugate (Novagen,

San Diego, CA, USA), peroxidase goat anti-mouse IgM
(Oncogene Research Products) or goat anti-rabbit IgG
horseradish peroxidase (Cayman Chemical, Ann Arbor,
MI, USA), respectively. Blots were then exposed to en-
hanced chemiluminescence (ECL) Western blotting
detection reagents (Amersham, Piscataway, NJ, USA).

Transient transfections

Her-2/neu minigenes were prepared by PCR. The short
Her-2/neu minigene encodes the Her-2/neu:369 peptide
(KIFGSLAFL) and therefore, does not require pro-
cessing. The long Her-2/neu minigene encodes a longer
peptide fragment (EFAGCKKIFGSLAFLPESFDG)
from which the Her-2/neu:369 peptide must be pro-
cessed and presented. Both peptides encode fragments of
Her-2/neu that are shared between mouse and human
[21]. The short-minigene was ligated into pCDNAIII
and the long-minigene was ligated into CT-GFP Fusion
TOPO TA (Invitrogen). COS-A2 cells were plated at
subconfluent densities one day prior to transfection.
Transfections were performed utilizing Lipofectamine
2000 (Invitrogen) according to manufacturer’s instruc-
tions. Twenty-four hours after transfection, cells were
harvested, washed and enumerated for either immuno-
fluorescence analysis or cytokine release assays.

Cytokine release assays

B16, B16-A2/Kb, Ag201P, and Ag201M cells were pla-
ted at 2·105 cells in 100·20 mm tissue culture dishes.
The following day, cells were either untreated or treated
with 100 U/ml recombinant murine interferon-c (Bio-
source) for 48 h. Subsequently, cells were harvested,
washed, enumerated, and the cell densities adjusted to
2.5·105 cells/ml. 100-ll aliquots were distributed to
wells of a 96-well round-bottom plate, resulting in
2.5·104 cells/well. Alternatively, transfected COS-A2
cells were distributed to 96-well round-bottom plates at
2·104 cells/well. Human CTL were harvested, washed,
enumerated and distributed to the 96-well plates as
above, resulting in a responder to stimulator ratio of 1:1.
As a positive control, peptide-pulsed T2 cells were used
as stimulators. T2 cells (1·106 cells) were loaded with
5 lg/ml Her-2/neu:369–377 or irrelevant peptide for 2 h
at 37�C. Cells were then harvested, washed, and the cell
density was adjusted to yield the number of cells re-
quired for a responder to stimulator ratio of 1:1. Cul-
tures were incubated for 18–24 h at 37�C after which the
supernatants were collected and human interferon-c was
measured by ELISA. Statistical analyses were performed
within each tumor cell group.

Statistical analysis

The mean ± SD was determined for each treatment
group in the individual experiments. For the cytokine
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release assays, homogenous data were evaluated by
parametric analysis of variance and the Student–Neu-
man–Keull’s test to compare treatment groups when
significant differences were observed.

Results

Ag201P and Ag201M express murine Her-2/neu

Ag201P and Ag201M are novel murine osteosarcoma
tumor lines that express a functional HLA-A2/Kb mol-
ecule [19]. Putative tumor-associated antigens in osteo-
sarcomas include, but are not limited to, Her-2/neu,
SART, and p53 [22–33]. However, there are conflicting
reports as to whether Her-2/neu is overexpressed in
osteosarcomas and associated lung metastases [22–24].
Since Ag201P and Ag201M represent a primary and
metastatic osteosarcoma, respectively [19], Her-2/neu
expression in these lines was characterized. As seen in
Fig. 1, murine Her-2 was found in Ag201P and Ag201M
as assessed by reverse transcriptase PCR. Expression of
murine Her-2/neu was confirmed using quantitative real-
time PCR and it was demonstrated that the expression
level of murine Her-2/neu mRNA was extremely low
(more than 1,000-fold lower than murine b-actin). Spe-
cifically, the ratio of expression of murine Her-2/neu to
murine b-actin was 2.8·10�3 for Ag201P and 3.6·10�4
for Ag201M (calculated as micromolar cDNA based on
standard curves for Her-2/neu and b-actin). Neverthe-
less, the primers amplified a 465 bp fragment, which
contained the BglII restriction element, confirming the
presence of murine Her-2/neu [21]. Since it has been
shown previously that murine and human Her-2/neu
share 85% nucleotide sequence identity, which includes
the 369-377 peptide KIFGSLAFL [21], we determined
whether Ag201P and Ag201M could be recognized by an
HLA-A2-restricted, Her-2/neu-reactive human CTL
clone (Table 1). The specificity for the Her-2/neu:369-
377 epitope and the cytotoxic activity of this CTL clone

was confirmed by HLA-A2 tetramer staining and 51Cr-
release assays (unpublished observation). In three sepa-
rate experiments, there was low and inconsistent pro-
duction of interferon-c in response to Ag201M. In only
one experiment did Ag201P stimulate the CTL clone. As
a comparative control, C1RA2-Her-2 cells, which over-
express HLA-A2 and the human form of Her-2/neu ([20]
and Fig. 5), also stimulated the CTL clone in a similar
manner as Ag201M. This low interferon-c production
was not due to defective T cell function as T2 cells loaded
with Her-2/neu:369-377 peptide robustly stimulated the
CTL clone (Table 1). Collectively, these results demon-
strate that Ag201P and Ag201M express murine Her-2/
neu, and that these murine tumors were weakly recog-
nized by a human Her-2/neu-reactive CTL clone.

Recognition of cells expressing Her-2/neu:369 minigenes

In order to determine whether inefficient antigen pro-
cessing of Her-2/neu might account for the weak rec-
ognition of Ag201P and Ag201M by the Her-2/neu-

Fig. 1 Murine Her-2/neu mRNA was expressed at low levels in Ag201P and Ag201M cells. Total RNA was isolated and cDNA was
synthesized as described in Materials and methods. Primers amplified a 445 bp fragment that was sensitive to digestion by BglII.
Following PCR amplification of cDNA, a 10-ll aliquot of PCR product was incubated with BglII for 1 h at 37�C, confirming the presence
of murine Her-2/neu. Bands were separated on a 1% agarose gel and visualized by ethidium bromide staining

Table 1 Recognition of Ag201P and Ag201M by human HLA-A2-
restricted, Her-2/neu-reactive CTL clone 6

Stimulators Human interferon-c production (pg/ml)

Experiment 1 Experiment 2 Experiment 3

Medium <25 <25 <25
T2 <25 <25 <25
T2+Her-2/neua 28549 12502 14128
T2+irrelevant peptide <25 <25 <25
C1RA2 <25 <25 <25
C1RA2-Her-2 77.45 53.20 71.43
Ag201P <25 <25 58.84
Ag201M 328.09 50.00 72.13

Underlined values are considered to be biologically significant at
more than twice background and greater than or equal to 50 pg/ml.
Values that are <25 pg/ml were below the standard curve detection
limit
aHer-2/neu: 369-377 (KIFGSLAFL)
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reactive CTL clone, two different Her-2/neu minigenes
were constructed that encode the Her-2/neu 9-mer pep-
tide fragment KIFGSLAFL (369–377). The short Her-2/
neu:369 minigene encodes only the nine-mer peptide and
therefore does not require processing. The long Her-2/
neu:369 minigene encodes a peptide fragment that in-
cludes the nine-mer peptide flanked on either side by the
six adjacent native amino acids (which are shared be-
tween human and mouse), and therefore requires pro-
cessing prior to the presentation by MHC class I.
Furthermore, the long Her-2/neu:369 minigene was
fused to the N-terminal end of green fluorescent protein
(GFP) so that expression of GFP confirms expression of
the minigene. As seen in Fig. 2, COS-A2 cells transiently
transfected with the short Her-2/neu:369 minigene were
recognized by the Her-2 CTL clone, whereas the long
Her-2/neu:369 minigene was not recognized despite
modest GFP expression. These results provide evidence
that inefficient processing of the Her-2/neu tumor anti-
gen might contribute to the lack of recognition by CTL.

Weak recognition of Ag201P and Ag201M was en-
hanced by murine interferon-c

Since the stimulation of the CTL clone by Ag201M was
modest and might be due to inefficient antigen process-
ing of Her-2/neu, Ag201P and Ag201M were pretreated
with interferon-c to enhance expression of various
components of the antigen processing machinery [34–
37]. As shown in Fig. 3, treatment of Ag201P and

Ag201M for 48 h with murine interferon-c robustly en-
hanced tumor recognition by the CTL clone. Interest-
ingly, Ag201P, which previously did not significantly
stimulate the CTL clone in the absence of murine
interferon-c, now robustly and consistently stimulated
the CTL clone to produce human interferon-c. The
ability of the tumors to stimulate CTL was specific for
the Her-2/neu reactive clone as murine interferon-c
treated Ag201P and Ag201M cells were not recognized
by HLA-A2-restricted, irrelevant CTL (data not shown).
Furthermore, interferon-c treated Ag201P and Ag201M
were not universally recognized by Her-2/neu:369-377
specific CTL clones, as only two of the four tested clones
recognized murine interferon-c treated Ag201P and
Ag201M (unpublished observation). These two clones
that recognized the interferon-c treated Ag201P and
Ag201M possessed high avidity and were determined to
be sister clones based on sequence analysis of their T cell
receptor a and b CDR3 regions (unpublished observa-
tion). Collectively, these results demonstrate that in the
presence of murine interferon-c, both Ag201P and
Ag201M stimulated a CTL clone in a Her-2/neu-specific
manner and that even in this setting CTL clones must
possess sufficient avidity for tumor recognition.

Recognition of B16-A2/Kb by CTL clones was enhanced
by murine interferon-c treatment

Human melanoma lines have been shown to express
significant levels of Her-2/neu and to be lysed by HLA-

Fig. 2 CTL recognized COS-A2 transfected with a Her-2/neu minigene that did not require antigen processing. a Subconfluent COS-A2
cells were transfected with either a short- or long-Her-2/neu minigene. Twenty-four hours following transfection, cells were harvested,
enumerated, and cultured in a 1:1 ratio with human HLA-A2-restricted, Her-2/neu-reactive CTL overnight at 37�C (2·105 cells per cell
type). Interferon-c production was measured by ELISA. CTL produced <26 pg/ml interferon-c in response to T2 cells loaded with
irrelevant peptide (CMV pp65:495–503) and 2,492±58 pg/ml interferon-c in response to T2 cells loaded with 5 lg/ml exogenous Her-2/
neu peptide. *P<0.001 versus COS-A2 alone. Results are representative of three independent experiments. b COS-A2 cells were
transfected with a long Her-2/neu minigene fused with green fluorescent protein. Transfected and untransfected COS-A2 cells were
analyzed by immunofluorescence analysis for green-fluorescent protein 24 h after transfection. Each histogram represents the log
fluorescence of 104 cells
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Fig. 3 Interferon-c enhanced the ability of CTL to recognize Ag201P and Ag201M cells. C1RA2, C1RA2-Her-2, Ag201P, and Ag201M
were untreated or treated with 100 U of human (C1RA2 and C1RA2-Her-2) or murine (Ag201P and Ag201M) interferon-c for 48 h. Cells
were then harvested, washed, enumerated and cultured in a 1:1 ratio with human HLA-A2-restricted, Her-2/neu-reactive CTL overnight
at 37�C (2.5·105 cells per cell type). Interferon-c production was measured by ELISA. CTL produced <26 pg/ml interferon-c in response
to T2 cells loaded with irrelevant peptide (MART-1:27-35) and 14,518±2470 pg/ml interferon-c in response to T2 cells loaded with 5 lg/
ml exogenous Her-2/neu peptide. *P<0.001 versus Ag201P alone; **P<0.01 versus Ag201M alone. Results are representative of three
independent experiments

Fig. 4 Interferon-c enhanced the ability of CTL to recognize B16-A2/Kb cells. a Whole-cell protein was prepared from B16 and B16-A2/
Kb cells as described in Materials and methods. Her-2/neu and b-actin expression were analyzed by Western blot analysis. Results are
representative of three independent experiments. b B16, B16-A2/Kb, Ag201P and Ag201M cells were untreated or treated with 100 U of
murine interferon-c for 48 h. Cells were then harvested, washed, enumerated and cultured in a 1:1 ratio with human HLA-A2-restricted,
Her-2/neu-reactive CTL overnight at 37�C (2·105 cells per cell type). Interferon-c production was measured by ELISA. CTL produced
<26 pg/ml interferon-c in response to T2 cells loaded with irrelevant peptide (gp100:209-217) and 18,917±1949 pg/ml interferon-c in
response to T2 cells loaded with 5 lg/ml exogenous Her-2/neu peptide. �P<0.001 versus B16-A2/Kb alone; *P<0.001 versus Ag201P
alone; **P<0.01 versus Ag201M alone. Results are representative of four independent experiments
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A2-restricted Her-2/neu specific CTL [38]. Therefore,
the murine melanoma lines B16 and the transfectant
B16-A2/Kb were also utilized. Very low but significant
protein expression of murine Her-2/neu in B16 and B16-
A2/Kb was detected (Fig. 4a). Despite the low protein
expression levels of murine Her-2/neu in B16 and B16-
A2/Kb, B16-A2/Kb cells were also targets for the CTL
clone following murine interferon-c treatment, but were
not recognized when untreated (Fig. 4b). Interestingly,
the amount of human interferon-c produced in response
to murine interferon-c treated B16-A2/Kb was higher
than that of either Ag201P or Ag201M under similar
experimental conditions. The specificity for B16-A2/Kb

as compared to B16 demonstrated the requirement for
HLA-A2/Kb in this interaction. Again, this response was

specific for Her-2/neu as murine interferon-c treated B16
and B16-A2/Kb were unable to stimulate HLA-A2-re-
stricted, irrelevant CTL (data not shown). These results
suggest that murine tumor lines that express low levels of
murine Her-2/neu might also be CTL clone targets fol-
lowing interferon-c treatment.

Effect of murine interferon-c on Her-2/neu expression

The enhanced human interferon-c production by a CTL
clone in response to Ag201P and Ag201M treated with
murine interferon-c could be due, in part, to upregula-
tion of MHC class I antigen presentation. Indeed, cell
surface expression of HLA-A2/Kb, H-2Kb, and H-2Db

were all (at least modestly) enhanced following incuba-
tion with murine interferon-c in Ag201P and Ag201M
cells [19]. However, it was also determined whether
murine interferon-c treatment influenced the expression
of murine Her-2/neu in Ag201P and Ag201M cells.
Using Western blot analysis, it was demonstrated that
the protein levels of Her-2/neu in Ag201P and Ag201M
were extremely low, which was consistent with the low
level of expression of murine Her-2/neu mRNA. Fur-
thermore, Her-2/neu expression was not enhanced by
murine interferon-c treatment, and even appeared to be
modestly inhibited (Fig. 5). The modest effect of murine
interferon-c was not due to the lack of activity as murine
interferon-c treatment enhanced expression of LMP-2,
one component of the antigen processing machinery that
is well-known to be interferon-c-responsive (reviewed in
[39]). Interestingly, C1RA2-Her-2 cells that express high
levels of Her-2/neu were only poorly recognized by the
CTL clone even after treatment with human interferon-c
(compare Figs. 3, 5).

Discussion

We have previously described Ag201P and Ag201M,
which are two novel osteosarcoma murine cell lines that
express a functional HLA-A2/Kb molecule [19]. The
studies herein provide further characterization of these
tumor lines, including the fact that they both expressed
low levels of murine Her-2/neu. This suggested that Her-
2/neu might be a putative tumor antigen for Ag201P and
Ag201M, and indeed, Ag201M stimulated a human
HLA-A2-restricted, Her-2/neu-reactive CTL clone to
produce modest amounts of human interferon-c.

The production of human interferon-c by the CTL
clone in response to Ag201M, however, was low and
inconsistent over several replicates of the experiment. In
addition, Ag201P, which also expressed low levels of
murine Her-2/neu, was essentially unable to stimulate
the CTL clone. With the demonstration that the CTL
were high-avidity clones as assessed by their ability to
recognize T2 cells loaded with Her-2/neu:369-377 pep-
tide (Table 1, Figs. 2a, 3, 4b and unpublished observa-
tion), these results initially suggested that the lack of

Fig. 5 The effect of interferon-c on murine Her-2/neu expression in
Ag201P and Ag201M cells. Ag201P and Ag201M were untreated
or treated with 100 U of murine interferon-c for 48 h. Whole-cell
protein was prepared from C1RA2, C1RA2–Her-2, Ag201P and
Ag201M (cultured in the presence and absence of interferon-c,
respectively) cells as described in Materials and methods. Her-2/
neu, b-actin and LMP-2 expression were analyzed by Western blot
analysis. Results are representative of three independent experi-
ments
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CTL clone reactivity was the result of either low cross-
species Her-2/neu identity, or low-level Her-2/neu
expression. However, as previously stated, murine and
human Her-2/neu share 85% nucleotide sequence iden-
tity, including the 369-377 peptide [21]. Furthermore,
C1RA2–Her-2 cells, which overexpress human Her-2/
neu, were also unable to robustly stimulate the CTL
clone. We therefore hypothesized that the lack of CTL
stimulation by Her-2/neu-expressing tumors was the
result of inefficient antigen processing of the Her-2/neu
molecule. There were several lines of evidence to support
this hypothesis. First, pretreatment of Ag201P and
Ag201M with murine interferon-c resulted in robust and
consistent CTL clone stimulation. These results corre-
lated with the observation that interferon-c pretreatment
enhanced cell surface expression of HLA-A2/Kb, H-
2Kb, and H-2Db [19], and as shown here, the immuno-
proteasome subunit LMP-2. In contrast, interferon-c
treatment did not enhance the weak CTL recognition
observed against C1RA2–Her-2, although this could be
due to the fact that C1RA2 and C1RA2–Her-2 cells are
MHC class I-defective, which would be consistent with
our observations that lack of recognition might be due
to inefficient antigen processing [20]. Second, another
distinct murine tumor line, B16-A2/Kb, which also
possessed very low Her-2/neu expression, stimulated the
CTL clone following murine interferon-c treatment.
Third, COS-A2 cells that had been transfected with ei-
ther a short or long Her-2/neu:369 minigene stimulated
the Her-2/neu CTL clone only under conditions in which
antigen processing was not required. Although the ex-
tent to which the Her-2/neu:369-377 epitope from the
GFP fusion was processed and presented was not as-
sessed in the transfected cells, these studies demonstrate
that overexpression of the antigenic epitope alone pro-
vided CTL recognition, whereas the necessity of antigen
processing and presentation of the antigenic epitope
from a protein prevented CTL recognition.

Several studies in experimental mouse models and
human T cells have demonstrated that CTL recognize
Her-2/neu+ tumors in vitro and in vivo [12, 14, 40–44].
Complicating this picture, however, and in line with our
findings here, is evidence that antigen processing and
MHC class I expression in Her-2/neu tumor transfec-
tants, mammary carcinomas from Her-2/neu transgenic
mice, and human Her-2/neu+ carcinomas, are impaired
[17, 18, 45], potentially providing a mechanism by which
Her-2/neu+ tumors escape CTL recognition. These
studies are also consistent with the findings that CTL
lysis of SKOV3.A2 cells was enhanced in the presence of
geldanamycin, an antibiotic that specifically targets Her-
2/neu degradation [46–48]. One interpretation of these
results is that enhancement of Her-2/neu degradation
provides more opportunities for antigenic epitopes to be
presented on the surface of tumor cells. Also, it has been
demonstrated that CTL raised against the Her-2/
neu:369 epitope failed to recognize HLA-A2+, Her-2/
neu+ tumors, despite the ability of CTL to recognize
exogenously loaded peptide [11]. Collectively, these

studies support the hypothesis that CTL recognition of
certain Her-2/neu+ tumors is impaired due to subopti-
mal antigen processing and could therefore be enhanced
under conditions that promote more efficient processing
and presentation of Her-2/neu.

It was unlikely that the enhanced recognition of
Ag201P and Ag201M by the CTL clone was due to
interferon-c-mediated enhancement of Her-2/neu
expression in these cells. There was no evidence by
Western blot analysis that murine Her-2/neu expression
was enhanced by murine interferon-c treatment. These
results were consistent with similar studies conducted in
cell lines and Her-2/neu transgenic mice demonstrating
that interferon-c treatment has little effect on Her-2/neu
expression, and if anything, slightly inhibits it [18, 45,
49–51]. In fact, several studies have demonstrated a re-
ciprocal relationship between expression of components
of the antigen processing machinery and expression of
Her-2/neu [17, 18, 45, 46]. Therefore, following inter-
feron-c treatment, which upregulated MHC class I
molecules [19] and LMP-2 in both Ag201P and
Ag201M, one might expect a slight inhibition of Her-2/
neu expression. Although the mechanism for this inhi-
bition is not fully understood, the enhanced expression
of components of the antigen processing machinery
might lead to increased Her-2/neu degradation.

Upon careful examination of Her-2/neu protein
expression, it was also interesting to note that the
molecular weight of murine Her-2/neu was slightly lower
than that of human Her-2/neu. It was unlikely due
simply to differences between human and mouse protein
identity since they are 87% identical at the amino acid
level and estimates of the respective molecular weights
are similar [21]. However, there have been reports of
slightly different molecular weights for Her-2/neu,
depending on phosphorylation state, glycosylation state
and expression of a precursor form (170 kDa) versus a
mature form (175–185 kDa) of the Her-2/neu protein
[52, 53]. These various forms regulate both the amount
of tyrosine kinase activity Her-2/neu exhibits and the
interaction potential of Her-2/neu with other intracel-
lular signaling proteins [52]. Although speculative, it is
tempting to hypothesize that whatever the cause for the
molecular weight difference between Her-2/neu in
C1RA2–Her-2 versus Ag201P and Ag201M might ac-
count for the ability (or lack thereof) of CTL to recog-
nize the tumor. Assuming the higher molecular weight
form of Her-2/neu seen in C1RA2–Her-2 was due to
enhanced phosphorylation, the low capacity of C1RA2–
Her-2 to stimulate CTL was unlikely due to changes in
tyrosine phosphorylation because a correlation was
established between the ability of tumor cells to stimu-
late Her-2/neu-reactive CTL and increased tyrosine
phosphorylation state of Her-2/neu [54]. However, this
does not exclude the possibility that the enhanced
phosphorylation was due to serine and threonine resi-
dues and perhaps these phosphorylation events mask
ubiquitin binding sites rendering Her-2/neu resistant to
degradation and subsequently, antigen processing and
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presentation. Alternatively, enhanced phosphorylation
of Her-2/neu promotes the interaction of other intra-
cellular proteins such as SHC, PLC-c and PI3 kinase
(reviewed in [55]), which also might have prevented
degradation through steric hindrance of ubiquitin en-
zymes. Finally, it is possible that one difference between
the precursor and mature forms of Her-2/neu is its
susceptibility to degradation. Perhaps the higher
molecular weight form seen in C1RA2-Her-2 cells rep-
resents a Her-2 molecule that is resistant to degradation.
None of these possibilities can be ruled out at this time.

Collectively, these results suggest that the strength of
Her-2/neu as a tumor antigen depends partially on its
ability to be processed and presented on the surface of
tumor cells. Several lines of evidence, including the data
presented here, suggest that degradation and/or pro-
cessing and presentation of Her-2/neu is often inefficient.
The corollary to this is that even tissues (tumor or
normal) that do not express high levels of Her-2/neu
might become CTL targets under conditions in which
antigen processing and presentation are enhanced.
Based on these studies, Her-2/neu should be more widely
described as a target for tumors even when it is not
overexpressed (such as osteosarcoma and melanoma as
shown here). Furthermore, expression levels of Her-2/
neu on tumors should not be a deciding factor for po-
tential therapeutic use of Her-2/neu-reactive CTL; one
should also consider the expression levels and/or activity
of various components of the antigen processing
machinery prior to CTL therapy. Finally, these results
suggest that there is potential for autoimmunity to de-
velop in normal tissues that express low levels of Her-2/
neu and possess sufficient antigen processing activity.
Overall, these data suggest that there is no correlation
between Her-2/neu expression level and tumor recogni-
tion by CTL, and that caution should be exercised when
Her-2/neu-reactive CTL therapy is administered to pa-
tients with normal antigen processing activity.
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