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Abstract

Immunologic tolerance to endogenous antigens reduces antitumor responses. Gp70 is an endogenous
tumor-associated antigen (TAA) of the BALB/c-derived colon carcinoma CT26. We found that
expression of gp70 MRNA is detectable in tissues of mice 8 months of age and older. We showed
that expression of gp70 establishes immunologic tolerance and affects antitumor immunity in a
similarly age-dependent manner using gp70-deficient mice. We found that tumors grew in all gp70-
sufficient mice, while approximately half of gp70-deficient mice controlled tumor growth with
endogenous T cell responses. Protection in gp70-deficient mice correlated with more robust gp70-
specific CTL responses, and increased numbers and avidity of responding antigen-specific T cells
after vaccination. We conclude that immunosurveillance may decline with age due to increased or
de novo peripheral expression of endogenous TAAs.
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1. Introduction

Many factors decrease immunosurveillance of tumors by cytotoxic T lymphocytes (CTL)
impairing effective antitumor responses [reviews [1-4]]. Tumor-associated macrophages,
myeloid-derived suppressor cells, and regulatory T cells reduce effector functions of tumor-
specific CTL. In addition, tumor cells secrete inhibitory cytokines and produce other factors
associated with chronic inflammation that reduce antitumor responses. Finally, most tumor-
associated antigens (TAAS) are derived from non-mutated self proteins, resulting in deletion
of CTL with high avidity for TAAs. Thus, the T cells that may be most effective against tumors
are deleted during negative selection in the thymus [5-7].

Experiments using transgenic mice expressing T cell receptor (TCR) genes and transfected
TAAs have elucidated many of the obstacles that prevent the development and function of
tumor-reactive T cells. The influence of antigen-specific tolerance varies depending on the
number and source of T cells [8,9]. Examination of transferred cognate transgenic T cells into
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tumor-bearing hosts has determined the conditions for optimal effector function and may have
general clinical applications [reviewed in [10]], but the function of a diverse T cell repertoire
differs from that of a T cell clone [11]. In polyclonal systems, T cell function varies with the
diversity of the repertoire, the avidity for antigen-presenting cells, and the precursor population
size [12-14]. Thus, it is not clear that the rules established from experiments using monoclonal
T cell systems with high affinity TCRs are applicable to polyclonal T cell repertoires. The role
of the antigen in controlling the T cell response to tumors is also unclear. Many studies use
transplantable tumors transfected with model antigens so that either transferred T cells or
endogenous responses can be monitored [15,16]. Although the endogenous T cell responses
to TAAs are typically weak and less amenable to experimentation [17] tumor model systems
that employ the endogenous T cell repertoire and natural TAAs may provide more relevant
results to guide the design of tumor immunotherapies.

T cell responses to TAAs encoded by endogenous retroviruses have been detected in both
humans and mice [18,19]. Gamma-, or Type C, retroviruses are the most common retroviral
elements in the human genome [20] and several examples have also been identified in mouse
tumors [21]. In one example, the gag gene from Friend Leukemia Virus encodes an H-2D%-
restricted CTL target on the leukemia cell line, FBL-3 [22]. The ecotropic endogenous Murine
Leukemia Virus (MuLV) also encodes TAAs from both gp70 (SU) and p15E (TM) proteins
of the env gene. Both I-AP and I-EP-restricted peptides from MuLV have been identified in
LB27.4 cells, a hybridoma of A20 lymphoma cells (H-29) and BW5147 cells (H-2°) [23]. A
CTL epitope p15Egpa.g11/H-2KP was also identified from these cells [24] as well as from B16
tumor cells [25]. In CT26 tumor cells, a unique glycoslylated I-E9-restricted epitope contributes
to the CD4+ antitumor response [26], and CD8+ T cells respond to the dominant antigen
gp70423.431/H-2LY (the AH1 antigen) [18]. Gp70 mRNA and T cell responses to gp70-derived
antigens are also detectable in other murine tumor cells and models including the 4T1 mammary
carcinoma[27], A20 lymphoma [28], and B16 and S91 melanoma cells [18,29]. These findings
suggest that the shared gp70 antigen is a bona fide TAA, since these epitopes are derived from
a non-mutated self-antigen that is up-regulated during the transformation process. Thus, gp70
is an ideal antigen for the study of the importance of self tolerance in antitumor immune
responses directed against TAAS.

To determine the role of gp70 expression in the T cell response to the CT26 transplantable
tumor, we produced a gp70-deficient mouse. In young mice under 6 months of age, we found
that gp70-deficient mice elicited more gp70-specific T cells that exhibited greater binding
avidity than those elicited in gp70-sufficient mice. These T cell responses were associated with
prevention of tumor growth in about half of the gp70-deficient mice. These results suggest
that, in spite of the suppressive factors and heterogeneity of tumors that influence the quality
of antitumor responses, successful antitumor CTL responses can be elicited in the absence of
endogenous TAA expression in normal tissues. Furthermore, vaccination of gp70-sufficient
mice over 8 months of age did not produce detectable TAA-specific T cells, although responses
to a foreign antigen were readily detected. We also detected gp70 mRNA expression in normal
tissues of gp70-sufficient mice, particularly in mice older than 8 months. We propose that the
age-related increase in expression of gp70 and subsequent T cell tolerance occur with other
TAAs and cognate T cells. These results may explain the variable results observed in the clinic
with immunotherapy directed against some TAAs and may suggest criteria for selection of
some TAAs over others for more successful immunotherapy.
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2. Materials and Methods

2.1 Generation of BALB.B6 env-/- (gp70-/-, gp70-deficient) congenic mice and littermate
controls (gp70+/+, gp70-sufficient)

All animal experiments were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee of National Jewish Medical and Research
Center. CB6F1/Cr [(BALB/cAnNNCr x C57BL/6NCr)g1] male and BALB/cAnNCr female
mice were purchased from the NCI-Frederick Animal Production Program, bred together, and
the offspring were screened by PCR for heterozygosity surrounding the MuLV integration
containing a functional gp70 gene at 28.71 Mb of Chr 5 in BALB/c mice using D5MIT387
and D5MIT148 (Chr 5, 28.7 and 32.3 Mb, respectively; NCBI, build m36). Mice were screened
using 139 primer sets (Table 1) that flank simple sequence length polymorphisms (SSLPs)
distinguishing the two parental strains. Most of the congenic mice used in these experiments
were backcrossed 5 generations with the details of the breeding/selection scheme presented in
Table 1. The mice used in Fig 3a were backcrossed 3 generations and Fig 5a were backcrossed
16 generations to BALBJ/c; after the fifth backcross, only D5SMIT387 and D5MIT148 were
used in the screening. We define young mice as 6 months of age and under, and middle-aged
mice as 8 to 12 months of age.

2.2 PCR screening of genomic DNA

2.3 Cells

2.4 RT-PCR

Genomic DNA from tail tissue was extracted after 16 h at 55°C in Lysis Buffer (500 mM KClI,
100 mM Tris pH 8.3, 15 mM MgCl,, 4.5% NP-40, 4.5% Tween 20) and 0.2 mg/ml proteinase
K. The resulting solution was cleared by centrifugation, and then extracted with equal volumes
of phenol, phenol/chloroform, and chloroform. The DNA was ethanol precipitated and then
dissolved overnight in water. The DNA concentration was adjusted to 125 ng/ul.

For the genome-wide screen of the N1 generation, PCR reactions were set up using a
Multiprobe Il Robotic Handling System (Parkard Bioscience Co.). Ten pul PCR reactions
included PCR buffer, 5 nM each fluorescent primer (labeled with Fam, Hex, or Tet), 100 nM
each nucleotide, 1 mM MgCl,, 0.5 units Tag, and 20 ng DNA. Reactions were performed in a
Hybrid TouchDown Thermal Cycler [94°C 1.5 min (first cycle only), 30 cycles of 94°C for 30
sec, 55°C for 1 min, and 72°C for 1 min]. Pools of up to eight loci distinguished by fluorescent
tags and fragment sizes were combined and resolved by automated sequencers at the University
of Maine sequencing facility. Samples were analyzed using Genotyper and Genescan software
(Perkin-Elmer/Applied Biosystems).

For the screening of subsequent generations, 20 ul PCR reactions included 16 mM ammonium
sulfate, 67 mM Tris pH 8.8, 0.05% TWEEN-20, 5 nM each primer, 200 nM each nucleotide,
1.5 mM MgCly, and 0.05 units Tag and 50 ng DNA. Reactions were performed in MJ Research
Thermal Cycler [95°C 2 min (first cycle only), 30 cycles of 94°C for 15 sec, 57°C for 45 sec,
and 72°C for 1 min]. Amplified DNA was resolved on 4% agarose gel and visualized with
ethidium bromide.

CT26, CT26-GM, CT26-pgal-GM, MC57G-Ld, T2-Ld and the AH1-specific T cell clone were
cultured as described [30].

Tissues were homogenized and RNA was extracted using the Qiagen RNeasy Mini Kit, CDNAs
were synthesized using the Qiagen QuantiTech Reverse Transcription Kit, and PCR was
performed using Invitrogen Platinum PCR SuperMix as per the manufacturers' instructions.
The products of the gp70-a forward [nucleotide (nt) 275, relative to the ATG] 5’
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AGATCTCTGTATGTTGGCCCTCCA and gp70-a reverse (nt 462) 5’
TAAGTCTGTTCCAGGCCGTATTGC and gp70-b forward (nt 396) 5'
TCCAGAGATTGTGAGGAG and gp70-b reverse (nt 716) 5’
CCGGATAGTTAAGGAGTTGCA primers were within the region unique to this MuLV (nts
275-819, [31]). cDNA of mouse p—actin was amplified in all samples as a positive control: B—
actin forward 5 AGAGGGAAATCGTGCGTGAC and p-actin reverse 5’
CAATAGTGATGACCTGGCCGT. Reactions were performed in a MJ Research Thermal
Cycler for the indicated number of cycles [94°C 2 min (first cycle only), 94°C for 30 sec, 58°
C for 30 sec, and 72°C for 1 min] and resolved on 2% agarose gels.

2.5 Tumor growth assay, tumor protection assay, and peptide vaccines

For tumor growth assays, 5x10% live CT26 tumor cells in 100 pl Hank's buffer (Cellgro,
Mediatech, Inc.) were injected subcutaneously in the rear flank. Tumor growth was monitored
over time by palpation of the injection site. Mice were sacrificed when the tumor reached 1
cm in any direction. Peptide vaccinations were performed as described [32]. Briefly, mice were
injected with 1x10° CT26 cells as above. Four and 6 days later, mice were injected with the
indicated peptides and LANAC adjuvant [containing liposomes, CpG plasmid DNA, and 10
1g peptide as described [32,33]]. 14 days after tumor injection, when the tumors were still less
than 1 cmin all directions, the tumors were removed and the infiltrating T cells were analyzed.
For vaccination assays, 10 irradiated CT26-GM or CT26-Bgal-GM cells were injected
subcutaneously 16 or 14 and 7 days prior ex vivo examination or stimulation of splenocytes
in culture as described [30]. Mice boosted with peptide received 5x108 Sf9 cells infected with
recombinant baculovirus encoding peptide/H-2L9 [34].

2.6 Cytotoxicity assays

Prior to in vitro Chromium-release assays, 4x108 splenocytes were combined with 10 U/ml
IL-2 and 10 pg/ml AH1 peptide (SPSYVYHQF, Macromolecular Resources) and incubated
in 24-well plates for 5 days at 37°C. Chromium-release assays were performed as described
[30]. 51Cr-labeled MC57G-Ld cells were incubated with the AH1 or MCMV pp89 peptide
(YPHFMPTNL). In vivo killing assays were performed as described [34]. Briefly, splenocytes
were loaded with the AH1 (CFSE-high) or pgal (CFSE-low, TPHPARIGL) peptide and
injected intravenously into vaccinated mice. Percent specific lysis was determined as 1-[(%
Bgal/%AHL)ynvaccinated / (YoPgal/%AH1)yaccinated] % 100.

2.7 Antibodies and flow cytometric analyses

Splenocytes were stained ex vivo and after 7 days in culture with 10 U/ml IL-2 and 10 ug/ml
AH1 peptide. Tumor-infiltrating lymphocytes were stained ex vivo. Antigen-specific T cells
were identified using a live-gate, a dump-gate [included directly conjugated CD4 (GK1.5,
ATCC), B220 (RA3.6B2, eBioscience), and MHC class Il (M5/114.15.2, eBioscience)
antibodies], H-2L9 tetramers [32] and a CD8 antibody (53-6.7, eBioscience) as described
[32]. CD3+ cells were stained with 2.C.11 antibody (eBiosciences). Background was decreased
using an antibody against FcyR (2.4G2, ATCC). Quadrants were set using H-2L9 tetramers
loaded with Bgal peptide. For V-beta analyses, cells were stained for 1 h with tetramer, CD8
antibody, and dump antibodies at 37°C, then without washing, cells were incubated on ice with
the V-beta antibodies. The V-beta panel was purchased from BD Biosciences. All samples
were analyzed using FlowJo software (Tree Star, Inc.).

Vaccine. Author manuscript; available in PMC 2009 March 28.
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3. Results

3.1 Derivation of a gp70-deficient mouse on the BALB/c background

Previous work showed that, despite the detection of T cell responses specific for the CT26
tumor, T cells cannot prevent tumor growth in normal BALB/c recipient mice [32]. Data from
other investigators demonstrated that proteins from MuLV are expressed in BALB/c mice
[35]. Therefore, we produced a gp70-deficient mouse strain to determine if the detectable, yet
ineffective T cell responses to the CT26 tumor are limited by normal tolerance mechanisms or
by antigen non-specific suppressive factors. Homology searching for the integration site of
MuLV in BALB/c mice [36] matched with chromosome (Chr) 5 at 30.4 Mb. In C57BL/6 mice
the virus matched with 124 Mb of Chr 8 of C57BL/6. The chromosomal locations are consistent
with the mapping of the original genetic loci. Specifically, env-1 and env-3 of BALB/c and
C57BL/6 were mapped to Chrs 5 and 8, respectively [37].

Taking advantage of the different integration sites of the proviruses, we deleted the BALB/c
gp70 locus by marker-assisted replacement of the BALB/c Chr 5 integration site with that from
the C57BL/6 background. After backcross of (BALB/c x C57BL/6)g; mice to BALB/c, we
selected offspring that were heterozygous for the BALB/c gp70 interval located between
D5MIT387 (28.7 Mb) and D5MI1T148 (32.3 Mb). Mice that were heterozygous at this interval
were screened for BALB/c homozygosity at all other genetic markers, and those that contained
the highest percentage of BALB/c alleles on all other chromosomes were used to breed the
following generation. Since the C57BL/6 genome encodes the same MuLV on Chr 8, we
selected for BALB/c homozygosity in this region during the second backcross. Based on
microsatillite analyses, we estimated that we achieved greater than 99.5% homozygosity for
BALB/c loci by the fifth backcross. Mice from this generation were intercrossed for the final
congenic strain, which is homozygous for C57BL/6 alleles across an interval of less than 21
Mb around the site for viral integration in BALB/c mice (Table 1). The IL-6 gene is in the gp70
interval (30.34 Mb, Chr 5). However, there are no coding region sequence differences between
the BALB/c and C57BL/6 alleles (Genbank accession numbers X54542 and AK150440). In
addition, we did not detect different concentrations of IL-6 in serum after stimulation with poly
I:C or in supernatants after 2 days of culture between the final congenic mouse strains (data
not shown). We have not tested for polymorphisms between BALB/c and C57BL/6 for any of
the other novel or known genes in this interval.

3.2 Gp70 mRNA is detectable in gp70-sufficient mice, but not gp70-deficient mice

To verify that our backcrossing strategy functionally deleted gp70 expression from the
congenic mice, we used an RT-PCR assay to assess mRNA expression. We used two primer
sets within the probe identified by Chan et al. (gp70 a and gp70 b), which are near the 5' region
of the gp70 transcript and are specific for this MuLV [31]. PCR analyses of cDNA produced
from the CT26 tumor cell line resulted in bands of the expected sizes (Fig 1a). We confirmed
that we indeed amplified the gp70 sequence with both primer sets by DNA sequencing of the
amplified fragments (data not shown). The sequence from the CT26 tumor was identical to
NCBI sequence J01998 [with the changes predicted by Horowitz and Risser, [35]]. We detected
gp70 PCR products after 20 cycles of amplification from cDNA from the CT26 tumor cells.
No gp70 signal was obtained from the “no template” control reaction or control cells known
not to express gp70 transcripts, T2-Ld (human T2 cells transfected to express H-2L9 molecules,
Fig 1b). g-actin cDNA was detected in all samples after 20 cycles of amplification, except in
the absence of template.

To confirm that MuLV is not expressed in gp70-deficient mice, and to determine where it is
expressed in gp70-sufficient mice, we surveyed RNA from tissues of mice that were at least 8
months of age using the assay described above (Figs 1c and d, Table 2). A time course from
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previous experiments showed that MuLV replication and transcription takes place in the spleen
of middle-aged mice treated with LPS, typically by 8 months of age, and continues into old
age [38]. Consistent with these findings, we also detected gp70 cDNA in tissues from gp70-
sufficient mice over 8 months of age (Fig 1c). Expression of gp70 was detected in normal colon
from gp70-sufficient mice within 30 to 35 cycles of amplification. The amplified DNA
sequence from the CT26 tumor and the normal colon tissue was identical (data not shown).
The presence or absence of gp70 mRNA from 7 other tissues is shown in Table 2. Of the six
gp70-sufficient mice examined, only one was gp70-negative in all tissues, although B-actin
was detected. This mouse was the same age and had been living in the same conditions as the
others in the study. In addition, there was variability in the amounts of gp70 mRNA expression
in tissues; it was not detected in all samples of any one tissue. However, the PCR assay results
from the RNA of individual tissues were reproducible. Asynchronous expression of gp70
mRNA may be expected from an endogenous retrovirus that does not have a role in normal
development, and for which the stimuli that induce viral expression may be environmental, but
are unknown. Importantly, no gp70 signal was detected in any of the samples from gp70-
deficient mice.

3.3 The absence of gp70 mRNA expression correlates with improved endogenous anti-CT26
tumor responses

We next evaluated whether the absence of the gp70 gene in the host results in enhanced
antitumor immunity to CT26 tumor development (Fig 2). Gp70-sufficient and —deficient mice
were injected with live CT26 cells and the injection site was monitored for tumor growth. Most
of the gp70-sufficient mice developed tumors within 2 weeks, consistent with previous reports
and our experience with this tumor [30,32]. However, only half of the gp70-deficient mice
developed detectable tumors, confirming previous data [18] that the dominant T cell response
is to the gp70 antigen and processing of the gp70 antigen in the tumor does not differ in gp70-
sufficient or -deficient mice. As expected, depletion of CD4+ or CD8+ T cells resulted in
increased tumor development in all gp70-deficient mice (data not shown). These results
strongly suggest that tolerance mechanisms of the T cell repertoire decrease the response to
endogenous TAA. However, not all of the gp70-deficient mice were tumor-free, suggesting
that there are additional regulatory processes from immune cells and/or the tumor environment.
Thus, as expected from experiments using foreign model tumor antigens [39,40], antitumor
immunity is more robust when the immunizing antigen is foreign relative to self.

3.4 AH1-specific T cell function increases in the absence of the gp70 gene

Effective antitumor immunity correlates with detection of antigen-specific cytotoxic activity
[41]. To determine if cells from the gp70-deficient mice kill tumor cells more effectively than
cells from the gp70-sufficient mice, and to confirm that the AH1 epitope of gp70 is still
recognized by CTL from gp70-deficient mice, we primed both gp70-sufficient and deficient
mice with whole cell CT26 vaccines made by lethal irradiation of the tumor [18,42] and
analyzed antigen-specific killing by T cells. One week after the second injection of vaccine,
spleen cells from the immunized mice were placed in culture for 5 days with the AH1 peptide
and then used in standard Chromium-release assays. As shown in Fig 3a, cells from the gp70-
deficient mice lysed more CT26 cells than cells from the gp70-sufficient mice. To confirm that
T cells indeed recognized the AH1 epitope from CT26 cells, MC57G-Ld cells incubated with
peptide were used as targets. AH1-loaded targets were lysed in a dose-dependent manner,
whereas the cells loaded with an irrelevant target from MCMYV were not (Fig 3b).

To confirm that gp70-deficient mice elicit a more robust cytotoxic T cell response to the AH1
antigen than gp70-sufficient mice, and to determine whether the reduced tumor development
correlated with increased CTL activity in the gp70-deficient mice, we performed in vivo killing
assays (Fig 3c). Young mice were vaccinated with CT26-GM and then tested for antigen-
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specific cytotoxic activity by injecting equal numbers of CFSE-high splenocytes incubated
with the AH1 peptide and CFSE-low splenocytes incubated with the pgal peptide. As in the in
vitro assay, significantly more AH1-loaded targets were killed in gp70-deficient than gp70-
sufficent mice. The reduced functional CTL activity in the gp70-sufficient mice is another
indication that gp70-sufficient animals exhibit T cell tolerance to the AH1 antigen.

3.5 The AH1-specific T cell repertoire changes in the absence of the gp70 gene

Since gp70 is a self protein in gp70-sufficient mice, immune tolerance, specifically negative
selection of gp70-specific T cells, is likely responsible for the difference in antitumor immunity
between the gp70-sufficient and -deficient mice (Fig 2). Negative selection may lead to
decreased cytotoxic activity elicited by antigen-specific vaccines observed in gp70-sufficient
mice (Fig 3), decreased avidity of the antigen-specific T cells, or differences in the VV-beta
usage of the responding T cells. We tested these possibilities by analyzing AH1-specific T cells
from the gp70-sufficient and —deficient mice.

To determine if the cytotoxic response to the AH1 peptide in the gp70-deficient mice (Fig 3)
is due to a higher frequency of T cells or T cells with improved lytic function, we characterized
tumor-specific T cells infiltrating CT26 tumors (Fig 4a). Young gp70-sufficient and -deficient
mice were injected with tumor cells and vaccinated with the AH1 peptide to boost the response.
Then tumor-infiltrating lymphocytes (TIL) were analyzed for tetramer staining. There were 4
to 5-fold more CD8+ AH1-specific TIL in tumors from gp70-deficient mice. In addition, these
T cells bound AH1-tetramer more intensely, indicating qualitative differences in the T cells
(right panels, Figs 4a and 4b). Although tetramer intensity does not always correlate with the
avidity of T cells [43], when the T cells express similar amounts of CD8 and TCR molecules,
then correlations can be made [32,44]. TIL from gp70-sufficient and -deficient tumors express
similar amounts of CD8 (Fig 4a) and TCR molecules (Fig 4b) suggesting that the T cells from
the gp70-deficient mice are likely to bind antigen with higher avidity. To determine if antitumor
immunity in the gp70-deficient mice is mediated by the same repertoire of T cells relative to
gp70-sufficient mice, we examined the V-beta usage of T cells responding to the tumor using
a panel of V-beta antibodies (Fig 4c). The response in the gp70-deficient mice was generally
broader, consistent with the hypothesis that the AH1-specific T cell repertoire is subjected to
more stringent negative selection in the gp70-sufficient mice as a result of self tolerance. These
data suggest that both the quantity and quality of the T cell response is improved in the gp70-
deficient mice.

3.6 Middle-aged gp70-sufficient mice do not generate TAA-specific T cells in response to a
whole tumor cell vaccine

As described above, previous studies showed that MuLV proteins are not detectable in young
mice but are induced in middle-age and subsequently remain detectable throughout the life of
the mouse [38]. Consistent with these findings, we found gp70 mRNA in peripheral tissues in
mice over 8 months of age (Figure 1, Table 2). Next, we determined if antitumor immunity
also changes in middle age due to increased antigen expression. We vaccinated young and
middle-aged gp70-sufficient and —deficient mice with irradiated CT26 tumor cells engineered
to express GM-CSF (CT26-GM), and analyzed the frequency of AH1-specific T cells ex vivo
and after one week in culture. As shown in Fig 5a, these T cells were detected in gp70-deficient
mice of both age groups and young gp70-sufficient mice, but not in middle-aged gp70-
sufficient mice ex vivo. Since the frequency of these T cells was close to the level of detection
ex vivo, we cultured the T cells for one week under conditions that expand AH1-specific T
cells, and re-analyzed them. Similar to the ex vivo data, the frequency of AH1-specific T cells
from gp70-deficient mice was higher than gp70-sufficient mice and AH1-specific T cells were
not detected in middle-aged gp70-sufficient mice. To confirm that this reduced response in the
middle-aged gp70-sufficient mice was unique to gp70 (AH1), we vaccinated the gp70-
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sufficient mice with CT26 and CT26-fgal tumor cells engineered to express GM-CSF and then
examined the relative frequency of AH1- and Bgal-specific T cells respectively, ex vivo (Fig
5b). The frequency of AH1-specific T cells was reduced again in the middle-aged mice, but
the Bgal-specific T cells in the young and middle-aged gp70-sufficient mice were similar. These
results suggest that there is not a defect in the general T cell response in the middle-aged gp70-
sufficient mice, but that increased gp70 expression results in specific tolerance and/or deletion
of AH1-specific T cells.

To demonstrate that gp70 mMRNA was selectively expressed in middle-aged gp70-sufficient
mice, we performed the RT-PCR assays shown in Fig 1 on tissue samples from young and
middle-aged mice (Fig 5¢). Only one of 4 young mice showed gp70 expression in the colon
and thymus. In contrast, gp70 cDNA was amplified in the colon and thymus of all 4 middle-
aged mice analyzed. Gp70 signal was not detected from liver cDNA, although g-actin cDNA
was detectable. These results are consistent with deletion or tolerance of AH1-specific T cells
due to antigen presentation in the thymus and periphery.

Finally, to determine if gp70 expression and reduced frequency of AH1-specific T cells in the
middle-aged gp70-sufficient mice correlated with reduced tumor protection, we tested whether
vaccinating these mice with irradiated CT26 tumor cells engineered to express GM-CSF
protected these mice from tumor development (Fig 5d). Using a vaccination protocol that
protects 100% of young BALB/c mice from tumors, we vaccinated middle-aged gp70-
sufficient and —deficient mice, challenged the mice with tumor, and monitored tumor growth.
Four of nine middle-aged gp70-sufficient mice developed tumors with a delayed time course.
No gp70-deficient mice developed tumors (data not shown). These results suggest that the
immunologic tolerance to the gp70-antigen observed in middle-aged mice reduced the tumor
protection below that afforded to younger mice.

4. Discussion

Using congenic mice lacking the endogenous ecotropic MuLV that encodes the MHC class |
and Il immunodominant tumor antigens from the CT26 tumor, we showed that (1) endogenous
T cells specific for a natural TAA successfully prevent tumor development and (2) changes in
expression of TAAs may lead to changes in immunologic tolerance and the efficacy of
corresponding immunotherapies. The absence of the genomic interval encoding gp70 resulted
inan improved T cell response against the CT26 tumor which correlates with more functional,
larger, higher avidity, and more diverse TAA-specific T cell responses (Figs 3 and 4). Antibody
depletion of CD4+ or CD8+ T cells ablated the tumor protection in the gp70-deficient mice
(data not shown), demonstrating this resistance to tumor growth was dependent upon induction
of T cell-mediated functions. T cells that escaped negative selection in young gp70-sufficient
mice (Fig 5) control tumor growth after vaccination. However, these T cells were not detectable
in middle-aged mice (Fig 5a) likely due to peripheral and central tolerance initiated by gp70
expression in peripheral tissues, lymph nodes, and the thymus. Loss of T cell responses to
tolerance induction by delayed expression of gp70 resulted in improved survival and growth
of CT26 cells in vivo (Fig 5d).

Because young gp70-sufficient mice clearly allow expansion of fewer gp70-specific T cells
than gp70-deficient animals (Fig 5a), we hypothesized that gp70 protein is expressed in the
thymus in concentrations below the limits of detection of our PCR assay, leading to negative
selection of high avidity, antigen-specific T cells, and reduced T cell diversity. AIRE, a
transcription factor in the thymus that regulates transcription of peripheral tissue antigens, may
be responsible for low levels of gp70 transcription leading to negative selection of specific T
cells (see [45] for review). However, some T cells escape negative selection and can be
activated by antigen-specific immunotherapies such as irradiated whole cell vaccines secreting
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GM-CSF [42] or mimotope vaccines [32]. During middle-age, control of gp70 protein
expression is more widely detectable throughout lymphoid organs and peripheral tissues (Figs
1 and 5, Table 2), suggesting widespread loss of control over epigenetic repression
mechanisms. The resulting expression of gp70 protein enhances effective control of the
remaining gp70-specific T cells by normal tolerance mechanisms, possibly by peripheral
deletion, resulting in decreased efficacy of antigen-specific immunotherapies.

As mentioned above, earlier research showed that this MuLV is expressed in LPS-treated
splenocytes from BALB/c and C57BL/6 mice over 8 months of age ex vivo [38]. Although
expression of MuLV is low in these strains relative to the AKR strain [46], we readily detected
gp70 expression in a number of tissues from middle-aged mice (Figs 1 and 5,Table 2).
Furthermore, using an RT-PCR assay, we found gp70 mRNA in middle-aged gp70-sufficient
mice in all tissues examined except the uterus (Table 2) and liver (Fig 5¢). We did not detect
gp70 expression in fetal tissues or tissues from one week-old mice (data not shown). Since
gp70 does not function in normal tissue development and the signals that activate gp70
transcription are unknown, this variability in tissue expression is not surprising. Our reports
differ from other reports in the literature. Other investigators could not detect gp70 mRNA in
Northern blot analyses of normal colonic epithelium from C57BL/6 mice [47]. Nor was it
detected by RT-PCR analyses of BALB/c epithelial cells from gastrointestinal organs, testes,
thymic stroma, and bone marrow-derived thymic elements [18] or Northern blot analyses other
tissues from adult, newborn, and fetal mice from C57BL/6 (testes, thymus, liver, kidney, and
brain) [29]. These discrepancies may result from variations in the ages and strains of the
analyzed mice as well as the different sensitivities of the assays.

The utility of human endogenous retroviruses (HERVS) as targets for immunotherapies for
cancer or as cancer markers is becoming more intriguing as more HERVs are being discovered.
One family of HERVs, HERV-K, comprises 30-50 different proviruses many of which are
recognized by the immune system [19,48]. HERV-K expression, specifically HERV-K-mel,
is low in normal tissues and increased in many tumors [19,49,50]. HERV-K-specific T cells
have been detected in melanoma patients [19] and antibody responses are present in many
patients with tumors [48]. These antigens, particularly if they are cancer-specific, may provide
targets for T cell-based therapies. Since endogenous retroviruses do not provide vital functions
to the tumor, tumor-specific expression and subsequent recognition of these TAAs by CTL
may contribute to a local tumor environment that favors immunosurveillance. However, as
shown here, these endogenous viruses may also be expressed in normal peripheral tissues.
Thus, responses to targeted retroviral TAAs may lead to autoimmunity [51] or antigen-specific
T cell tolerance. This range of possible responses to a protein with unknown regulation and
with no necessary function to the cell may help to explain the variability in tumor-specific
responses in experimental and clinical observations. Understanding when and where viral
antigens are expressed is critical. New technologies are necessary to investigate these highly
repetitive sequences. Thus, development of retroviral-based vaccines for the treatment of
human cancers provides a promising therapeutic avenue with further basic research.
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Fig 1. Gp70 expression is detectable in CT26 tumor cells and in colon tissues from gp70-sufficient
mice

mRNA was extracted from CT26 tumor cells (A), T2-Ld cells (B), and from the colons of
gp70-sufficient (C), and gp70-deficient mice (D) (>8 months old). cDNA was produced and
used in semi-quantitative RT-PCR reactions. Amplification was terminated at 20, 30, 35, and
40 cycles, and the DNA products were resolved on 2% agarose gels. Gp70 and #-actin cDNAs
were assayed. NT, no-template was assayed to monitor contaminants.
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Fig 2. Approximately half of gp70-deficient mice are protected from CT26 tumor growth

Young (less than 4 months of age) gp70-deficient (n=14) and -sufficient (n=25) mice were
injected with 5x10% CT26 tumor cells and tumor growth was monitored for 60 days by palpation
of the injection site. The two groups are significantly different (p<0.0001) as determined by
the log rank test.
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Fig 3. Gp70-deficient mice mediate more antigen-specific cytotoxic activity than gp70-sufficient
mice in vitro and in vivo

S1Cr-labeled CT26 (A) and peptide-loaded MC57G-Ld (B) cells were combined with
increasing numbers of the CT-T cell clone [dashed lines, [30]] or splenocytes from young (less
than 4-months old) congenic mice backcrossed 3 generations, then intercrossed: gp70-deficient
(diamonds), and gp70-sufficient mice (circles). B. Percent lysis of MC57G-Ld cells incubated
with the AH1 peptide minus the MCMYV peptide is shown. Percent lysis was calculated after
4 hours at 37°. The negative values are due to more chromium release from the MCMV-loaded
targets relative to the AH1-loaded targets. A representative assay is shown; assays were
performed in triplicate. C. Gp70-sufficient and -deficient mice that were less than 6-months
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old, were vaccinated twice, one week apart with irradiated CT26-GM cells. Two million CSFE-
labeled splenocytes, half incubated with the AH1 peptide and half with the Bgal peptide, were
injected and detected by flow cytometric analyses of the host spleen 24 h later. The bar
represents the mean of the % specific lysis. The negative values in the gp70+/+ group are from
mice that had more CFSE-low (Bgal) cells than CFSE-high (AH1) cells, indicating that killing
of AH1-loaded targets in this experiment was not detected. The 2 groups are significantly
different (p=0.0061) as determined by a two-tailed unpaired t test.
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Fig 4. TAA-deficient mice generate a larger, more diverse, higher avidity TAA-specific T cell
repertoire than TAA-sufficient mice
A. Young (less than 4-months of age) gp70-sufficient (+/+) and —deficient (-/-) mice were

injected with live CT26 tumor cells and then 4 and 6 days later, were injected with AH1 peptide
in adjuvant [32]. TIL were extracted and stained on day 14. The relative avidity of T cells was
extrapolated from the mean fluorescence intensity (MFI) of tetramer on a Mo-Flo flow
cytometer (DakoCytomation Inc.). The relative tetramer staining of the CD8+ cells is shown
in the histogram on the right: MFI of CD8+ tet+ cells is 58 for the gp70+/+ mouse (grey filled),
and 72 for the gp70-/- mouse (black line). The MFI of CD8 staining of the tet+ cells was 904
for TIL from the gp70-sufficient and 766 from the —deficient mouse. The data are representative
of 4 experiments. B. Mice were treated as in A and data were collected on a Cyan flow cytometer
(DakoCytomation Inc.). Live events gated on CD8+ cells are shown. The relative MFI of
tetramer staining of the CD3+ cells is shown in the histogram on the right: MFI of CD8+ CD3
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+ tet+ cells is 27.6 for the gp70+/+ mouse and 41.3 for the gp70-/- mouse. The MFI of CD3
staining of the tet+ cells was 36.9 for TIL from the gp70-sufficient and 30 from the —deficient
mouse. The data are representative of 3 experiments. C. TIL from mice treated as in A were
gated on L9-tet/ AH1+ CD8+ (y-axis) and costained with a panel of TCR V-beta antibodies (x-
axis) from two mice. The y-axis scale is the same on both graphs.
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Fig 5. Gp70 mRNA expression correlates with deletion of AH1-specific T cells detectable by
tetramer staining

A.Young (Y, <7-weeks old) and middle-aged (MA, >8-months old) gp70-sufficient (+/+) and
—deficient (-/-) mice were vaccinated with irradiated CT26 tumor cells engineered to express
GM-CSF two times, one week apart. Splenocytes were stained with AH1 peptide-loaded
tetramer and anti-CD8 antibody either ex vivo or after one week in culture. The percentage of
AH1-specific T cells ex vivo in Y gp70-sufficient and —deficient mice is significantly different
using an unpaired two-tailed t test (p=0.0453). The difference continues to be significant after
one week in culture (p=0.0132), as is Y vs. MA gp70-sufficient (p=0.0199) and MA gp70-
sufficient vs. gp70 deficient (p=0.0035). B. Splenocytes from mice vaccinated as in A, but with
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CT26-pgal-GM were stained ex vivo with the H-2L9 tetramer loaded with the Bgal peptide.
The percentage of pgal-specific T cells in the Y and MA gp70-sufficient mice is the same
(p=0.4999). C. Tissue from colon (C), thymus (T), and liver (L) was dissected from the young
and middle-aged mice used in A, and PCR reactions were performed as described in Fig 1 and
Table 2 for 30, 35, and 40 cycles. D. Young (squares, n=11) and middle-aged (circles, n=9)
gp70-sufficient mice were injected with irradiated CT26-GM as in A, then one week after the
last injection, were challenged and monitored as in Fig 2. The 2 groups are significantly
different (p=0.0151) as determined by the log rank test.
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Gp70 mRNA is expressed in tissues of middle-aged gp70-sufficient mice 8

Table 2
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Controls' gp70” p-actin gp70” p-actin
CT26 cells + + + +
T2-Ld cells - + - +
Normal tissues® gp70+/+ gp70-/-

Colon 5/6 6/6 0/6 6/6
Mesenteric lymph nodes 3/6 6/6 0/6 6/6
Thymus 2/6 6/6 0/6 6/6
Kidney 1/6 6/6 0/6 6/6
Spleen 1/6 6/6 0/6 6/6
Testis 2/3 3/3 0/4 4/4
Uterus 0/3 3/3 0/2 212

§ . . .
Tissues were obtained from mice 8-mo or older

7‘Each experiment included cDNA from these control cells, and each PCR reaction was programmed for 40 cycles

*
Gp70-a primers were used.
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