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Abstract
Adoptive T cell therapy has proven effective against melanoma in mice and humans. However,
because most responses are incomplete or transient, cures remain rare. To maximize the efficacy
of this therapy, it will be essential to gain a better understanding of the processes which result in
tumor relapse. We studied these processes using B16ova murine melanoma and adoptive transfer
of OT-I T cells. Transfer of T cells as a single therapy provided a significant survival benefit for
mice with established subcutaneous tumors. However, tumors which initially regressed often
recurred. By analyzing tumors which emerged in the presence of a potent OT-I response, we
identified a novel tumor escape mechanism in which tumor cells evaded T cell pressure by
undergoing major genomic changes involving loss of the gene encoding the target tumor antigen.
Furthermore, we show that these in vivo processes can be recapitulated in vitro using T cell/tumor
cell co-cultures. A single round of in vitro co-culture led to significant loss of the ova gene and a
tumor cell population with rapidly induced and diverse karyotypic changes. Although these
current studies focus on the model OVA antigen, the finding that T cells can directly promote
genomic instability has important implications for the development of adoptive T cell therapies.

Introduction
Adoptive T cell transfer is a promising immunotherapy for many types of malignancy,
potentially providing patients with a pre-formed, ex vivo optimized anti-tumor immune
response which will, in theory, form memory protection against recurrence1–3. Although
generating ex vivo cultures of tumor-reactive T cells, and supporting lymphocyte
engraftment and function in vivo, have presented clinical challenges4, intensive work in
melanoma has resulted in increasing success rates5–8. Despite these encouraging results, the
occurrence of incomplete, or transient, responses indicates that current protocols are often
unable to eradicate metastases completely and prevent tumor re-growth. To develop
therapies which consistently achieve long-term protection, it will, therefore, be necessary to
gain a better understanding of the ways in which tumor cells respond to potent T cell
therapies and the mechanisms they use to escape them.

Tumors escape from T cell attack in a variety of ways. They can eliminate the T cells9,10,
render T cells non-functional11, promote the expansion of suppressive cells12–15, or become
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resistant to CTL killing16, 17. Loss of target antigens has been repeatedly seen in tumors
under T cell attack18,19, associated with loss of RNA expression, which was either
irreversible 20 or reversible with drugs or time21,22. Frequently, however, antigen loss is
observed at the protein level but the underlying mechanisms remain poorly defined23. In this
respect, tumors have been shown to escape immune recognition and clearance by
downregulation of MHC expression24–26. Moreover, Garrido and co-workers have described
the loss, at the genomic level, of MHC haplotype genes relevant to antigen expression in
both pre-clinical and clinical tumor samples25,27.

Here, we show that an adoptively transferred population of OT-I T cells targeting the OVA
tumor antigen resulted in tumor escape due to loss of the target antigen gene. Significantly,
we show also that OT-I T cell pressure on the target B16ova tumor cells in vitro rapidly
promoted the emergence of tumor cells with diverse karyotypes characterized by loss of the
gene encoding the target OVA antigen. Together, these data indicate that potent
immunotherapies can actively promote tumor evolution. While our system focuses on a
surrogate tumor antigen, the number and variety of genomic changes which appeared
following OT-I co-culture, as well as the distinct phenotype of escape tumors in vivo,
suggests that interaction of tumor cells with anti-tumor T cells may actually help to generate
variant tumor cells which are then capable of the evading the initial T cell therapy.

Materials and Methods
Mice, cell lines, antibodies, and reagents

6–8 week old female C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, Maine). OT-I mice have been previously described28 and were bred at the Mayo
Clinic. The B16ova cell line was derived from a B16.F1 clone transfected with a
pcDNA3.1ova plasmid. B16ova cells were grown in DMEM (HyClone, Logan, UT, USA) +
10% FBS (Life Technologies) + 5 mg/mL G418 (Mediatech, Manassas, VA, USA) until
challenge. Following in vitro co-cultures or harvest from mice, tumor lines were grown in
DMEM + 10% FBS + 1% Pen/Strep (Mediatech). The following antibodies were used for
flow cytometry: from BD Biosciences (San Jose, CA, USA) CD45-PerCP (clone 30-F11),
H-2Kb-PE (clone AF6-88.5), CD8β.2-PE (clone 53-5.8), Vβ5-PE (clone MR9-4), and Vα2-
FITC (clone B20.1), and from eBioscience (San Diego, CA, USA) CD3ε-FITC (clone
145-2C11).

In vivo experiments
All in vivo studies were approved by the Mayo IACUC. Mice were challenged
subcutaneously with 5×105 B16ova cells in 100 μL PBS (HyClone). Tumors were measured
3 times per week, and mice were euthanized when tumors reached 10 mm diameter. For
adoptive therapy experiments, 1×107 in vitro-activated OT-I T cells were injected
intravenously in 100 μL PBS on day 7. In vivo data were analyzed using GraphPad Prism 4
software (GraphPad Software, La Jolla, CA, USA). Tumor volume was calculated as (4π/
3)*((larger diameter + smaller diameter)/4)3. Palpable tumors less than 2 mm diameter were
recorded as 1 mm diameter.

Flow cytometry
Freshly excised tumors and spleens were dissociated to form a single cell suspension. Red
blood cells were lysed with ACK lysis buffer. Total remaining cellular content was stained
for flow cytometry. Tumor cell lines were established from some excised tumors. Cells
growing in culture were stained for H-2Kb following 48 hour treatment with 500 U/mL
murine IFNγ (Peprotech, Rocky Hill, NJ, USA). Data were analyzed using FlowJo software
(Tree Star Inc, Ashland, OR, USA).
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In vitro T cell activation and co-cultures
Spleens and lymph nodes were harvested from OT-I mice and dissociated to obtain a single
cell suspension. Red blood cells were lysed with ACK lysis buffer. Cells were resuspended
at 1×106 cells/mL in IMDM (Gibco, Grand Island, NY, USA) + 5% FBS + 1% Pen/Strep +
40 μM 2-ME. Media was supplemented with SIINFEKL peptide at 1 μg/mL and hIL-2 at 50
U/mL. After two days, cells were split into new media supplemented with IL-2. Cells were
used for adoptive transfer or in vitro assays following 4 days of activation. Serial co-cultures
were performed at 1:1 ratios with 1×106 total cells/mL media. Following overnight co-
culture, media and non-adherent cells were removed, and adherent cells were allowed to
recover before the co-culture step was repeated. Under these conditions (E:T ratio of 1:1 and
24 hrs of co-culture) typically about 10% of the B16ova tumor cells would survive killing by
OT-I T cells, although the number of survivors was variable between experiments. In all
cases, additional tumor cell death occurred in the surviving population throughout the 2–3
days following co-culture. For this reason, the surviving population was allowed to recover
for 1–3 weeks following co-culture before being subjected to functional, and genomic,
analyses, at which point the cells were growing at similar rates to B16ova cultures which
had not undergone co-culture.

51Cr cytotoxicity assay
B16ova target cells were treated overnight with 500 U/mL IFNγ. They were loaded
with 51Cr for 90 minutes at 37C, washed, and plated at 1×104 cells/well in 96-well v-bottom
plates (Nunc, Roskilde, Denmark). OT-I effectors were plated at varying concentrations to
obtain a range of E:T ratios. Wells containing targets alone were used to determine
spontaneous release. Wells containing targets and 0.1% Triton-X 100 were used to
determine maximum release. Plates were incubated at 37C for 4 hours then spun down. 40
μL of supernatant/well was transferred to LumaPlates (PerkinElmer, Shelton, CT, USA) and
allowed to dry overnight before being read on a PerkinElmer Topcount machine. Percent
specific lysis is defined as (sample cpm-spontaneous cpm)/(maximum cpm-spontaneous
cpm) x 100.

ELISA
2×106 total OT-I splenocytes were cultured for 24 hours in 2 mL with 10 μg SIINFEKL
peptide. Supernatants were collected and analyzed for IFNγ by ELSIA according to the
manufacturer’s instructions (BD OptEIA Mouse IFNγ ELISA Set; BD Biosciences
Pharmingen, San Diego, CA, USA).

PCR
DNA was isolated from freshly excised tumors or cells in culture using the DNeasy kit
(Qiagen, Maryland, USA). 0.5 μg of DNA was used in each PCR reaction. RNA was
isolated using the RNeasy kit (Qiagen, Maryland, USA). cDNA was made from 1 μg of
RNA using the First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). One tenth
of this cDNA was used in each PCR reaction. The following primers were used: ova sense:
CACAAGCAATGCCTTTCAGA, ova antisense: TACCACCTCTCTGCCTGCTT, neor

sense: TGCTCCTGCCGAGAAAGTAT, neor antisense: AATATCACGGGTAGCCAACG,
gapdh sense: TCATGACCACAGTCCATGCC, gapdh antisense:
TCAGCTCTGGGATGACCTTG.

Real-time PCR
Applied Biosystems (Carlsbad, CA, USA) Power SYBR green PCR mastermix and standard
protocol were used. 10 ng of tumor DNA or 1 ng of cell line DNA was amplified and
compared to a standard curve using ova primers sense: AGTGGCATCAATGGCTTCT and
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antisense: GTTGATTATACTCTCAAGCTGCTCA, gapdh primers sense:
GGCAAATTCAACGGCACAGT and antisense: AGAATGGTGATGGGCTTCCC, or
apolipoprotein B primers sense: CACGTGGGCTCCAGCATT and antisense:
TCACCAGTCATTTCTGCCTTTG. Reactions were run on an ABI 7900 HT Sequence
Detection System and analyzed using SDS2.3 software.

Cytogenetic analysis
A biotin-labeled FISH probe of the pcDNAova plasmid was prepared by the cytogenetics
shared resource at Mayo Clinic. To assess initial ova content, the pooled B16ova population
was probed for pcDNAova using this ova probe and a FITC-avidin secondary probe. For
karyotypic analysis, a single-cell-derived population of B16ova was established. Following
one round of co-culture with OT-I T cells (10:1 ratio of T cells:tumor cells), the tumor cells
were allowed to recover for 23 days, and samples of the input clonal population and the co-
cultured population were probed for pcDNAova by FISH as above. The slides were then
probed with Mouse SKYPaint (Applied Spectral Imaging, California, USA) to obtain
karyotypes of the same metaphase spreads.

Quantification of genomic instability was performed by scoring each karyotype for the
number of chromosome pairs which differed from the most common presentation of that
pair throughout the 14 karyotypes we obtained. Chromosome losses, gains, or translocations
(including loss of the ova signal) were counted as karyotypic changes. A maximum score of
1 per chromosome pair or 20 per cell was possible.

Statistics
Survival curves were analyzed by the Log-Rank test. Differences in karyotypic diversity
were quantified by the Mann-Whitney U test. All other data were analyzed by the 2-tailed t-
test. Statistical significance was set at p<0.05 for all experiments.

Results
B16ova tumors grow in the presence of a functional anti-ova response

Adoptive transfer of 107 activated OT-I T cells into mice bearing established B16ova tumors
resulted in a significant survival benefit over untreated animals (p<0.05) (Fig. 1A–C).
Tumors regressed and often became undetectable (Fig. 1C). However, therapy was transient
in most mice. Palpable tumors soon re-emerged and grew at least as rapidly as untreated
tumors (Fig. 1B and C), which suggested that the recurrent tumors were no longer subject to
OT-I pressure.

To focus our study on tumors evading T cell pressure, we seeded B16ova tumors in naive
OT-I mice. In these mice, tumors were subjected to an anti-ova T cell response at a much
greater level than is achieved through adoptive transfer. OT-I mice survived significantly
longer than wild-type mice following challenge (p<0.05), with tumors not appearing for 1–2
months (Fig. 1D). However, once tumors were detectable, they grew rapidly, and most mice
had to be euthanized within 2 weeks (Fig. 1E). The delayed emergence of tumors, and their
aggressive growth once they became palpable, resembled the pattern seen in mice treated
with OT-I adoptive therapy, suggesting that they escaped by the same mechanism. To
determine whether tumor growth was due to loss of the OT-I T cells or loss of their function,
we analyzed spleens from naive OT-I mice and from OT-I mice with large tumors. Splenic
CTL populations were of similar size in naïve and tumor-bearing mice (p=0.0674) (Fig. 1F),
and when splenocytes were pulsed with SIINFEKL peptide, there was no difference in IFNγ
production (p=0.7088) (Fig. 1G). Thus, escape did not appear to involve systemic
suppression of anti-tumor T cells.
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Tumors which grow in OT-I mice lose the ova gene
Total CD45+ infiltration within B16ova tumors was significantly lower in OT-I mice than in
WT mice (p<0.05) (Fig. 2A). In addition, even within the CD45+ population, the relative
number of CTL was significantly reduced in OT-I mice (p<0.05) (Fig. 2B). We also
observed significant decreases in expression of both H-2Kb (Fig. 2C and D) and H-2Db

(data not shown) (p<0.05) in tumors excised from OT-I mice. However, this decreased
expression was not stable, as excised tumors re-established in culture expressed normal
levels of MHC upon IFNγ treatment (p=0.4283) (Fig. 2E and F).

While all tumors excised from WT mice continued to express OVA mRNA, tumors excised
from OT-I mice did not contain detectable OVA message (Fig. 2G). Moreover, when DNA
was analyzed, most of the tumors excised from OT-I mice were negative for ova gene
sequences (Fig. 2H). To confirm gene loss, we tested for the functional presence of the neor

gene which had been transfected into B16 cells on the same plasmid (pcDNA-ova) to
generate the B16ova cells. Of tumors recovered from OT-I mice in 10 separate experiments,
less than 2% remained resistant to G418. In contrast, all tumors recovered from WT mice
grew well in G418.

To determine whether the parental population of B16ova cells was composed of a mixed
population of ova-positive and ova-negative cells, we performed FISH for the pcDNAova
insertion on B16ova cells in culture. 100 out of 100 cells analyzed contained an ova signal.
Additionally, of 20 single cell clones screened by PCR, all were ova positive (data not
shown). When OT-I mice were challenged with one of the confirmed ova-positive clones,
tumors grew with the same kinetics as previously seen with the pooled B16ova population.
Excised tumors were ova-negative by PCR and failed to grow in G418. Furthermore, the
same patterns of diminished infiltration and MHC expression were observed whether mice
were challenged with the parental B16ova population, or with a single cell clone (data not
shown).

The ova gene is partially lost following OT-I adoptive therapy
To verify that the escape mechanisms operative in OT-I mice reflected those occurring in
mice receiving adoptive therapy, we also studied recurrent tumors from C57BL/6 mice
receiving OT-I T cells. Ova loss was incomplete in this setting. By standard PCR, most
tumors were still ova positive (Fig. 3A). However, quantitative PCR revealed significantly
less ova DNA in these tumors than in tumors from untreated mice (Fig. 3B). Mice which
had received OT-I transfer maintained a large splenic population of T cells bearing the
Vα2Vβ5 TCR combination utilized by OT-I T cells (Fig. 3C). The size of this population
was similar in mice with ova-high and ova-low tumors. There was a wide variation in ova
content of escape tumors (for example, tumors 1 & 4 in Fig. 3B). However, similar to
tumors from OT-I mice, ova-low tumors in WT mice often had decreased CD45+ and CD8+

infiltration. Similarly, both ova-high and ova-low tumors were enriched with T cells with the
OT-I TCR (Fig. 3D).

T cells mediate ova gene loss and genomic instability in vitro
To determine whether T cell attack was sufficient to induce the emergence of ova-loss cells,
we performed co-cultures of B16ova and OT-I T cells. After one round of co-culture, tumor
cells were significantly less susceptible to OT-I T cell killing, and after 3 rounds there was
no detectable killing (Fig. 4A). At the population level, no MHC down-regulation occurred
following in vitro co-culture. Instead, H-2Kb surface levels on B16ova cells were increased
in the days following co-culture. Within a few weeks following co-culture, MHC expression
returned to normal levels (data not shown). DNA extracted from each population showed a
progressive loss of ova and neor (Fig. 4B). The ability of OT-I to promote ova gene loss was
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dependent upon T cell-tumor cell contact and was not replicated in cultures separated by
transwells. B16ova populations which had undergone co-culture typically contained
between 20% and 80% of the ova levels present in the input population. In contrast, no ova
gene loss was detected by quantitative PCR in B16ova cells grown for 4 weeks without
G418, excluding the possibility that our results were due to spontaneous (non-T cell
mediated) ova loss (Fig. 4C).

We also investigated the effects of co-culture of B16ova cells with a different transgenic T
cell population. For this, we used Pmel T cells, which express a transgenic T cell receptor
specific for the KVPRNQDWL peptide from the human, melanocyte-specific gp100 antigen
(hgp10025–33) in the context of the murine H-2Db MHC Class I molecule expressed by
C57BL/6 mice29. Both B16ova, and B16, tumor cells express the murine homologue of
gp100 which is recognized, but at lower efficiency than the human epitope, by the Pmel T
cells29.

As before, co-culture of OT-I T cells with B16ova cells induced loss of the ova gene by
PCR (Fig. 4D, Lane 1). However, OT-I T cells did not induce loss of the gene encoding
gp100 (Fig. 4D, Lane 1). Similarly, co-culture of B16ova cells with Pmel T cells induced
loss of neither ova nor gp100 genes (Fig. 4D, Lane 2). Pmel T cells also failed to induce
loss of the gp100 gene from B16 tumor cells even when the target tumor cells were pre-
loaded with the KVPRNQDWL (hgp10025–33) peptide (Fig. 4D, lanes 5&6), a treatment
which we have shown further activates the T cells and significantly increases the ability of
Pmel cells to kill B16 targets (data not shown). As expected, OT-I T cells did not kill (ova
negative) B16 tumor cells in vitro by chromium release assays or secrete IFN-γ upon co-
culture (data not shown), and neither did they induce loss of the gp100 gene from co-
cultured B16 cells (Fig. 4D, Lane 4). The differences between the effects of OT-I T cells on
gene loss of ova, and Pmel on the loss of gp100, are discussed in more detail in the
Discussion below.

Based on the rapid loss of ova both in vitro and in vivo, we hypothesized that the direct
interaction of antigen specific T cells with target tumor cells was sufficient to induce ova
gene loss. To test this we generated a population of B16ova derived from a single cell clone
and compared karyotypes of these cells before, and after, co-culture with OT-I T cells. Each
cell in the input population had a single ova insertion (Fig. 5A). Spectral karyotyping (SKY)
showed that this insertion was located on an abnormal chromosome 7 (Fig. 5B). Prior to
analyzing the input population, the clone was grown in vitro (in G418) for approximately six
months. During that time, the clone diverged enough so that none of the 5 karyotypes
analyzed were identical, indicating ongoing genomic instability. However, the diversity in
these karyotypes was limited to a single unique translocation per cell (for example, Fig.
5Biii) and loss of the fourth copy of chromosome 2 in some cells (for example, Fig. 5Bii).

Cells which survived co-culture with OT-I T cells were allowed to recover for 23 days and
analyzed for their karyotypes. Following co-culture, the number, and extent, of genomic
variations increased significantly. All cells still contained the abnormal chromosome 7.
However, this chromosome had lost the ova-containing portion in some cells (Fig. 5C, 6D).
In other cells, the ova-containing chromosome remained intact (Fig. 5E, 6F). Most cells had
changes to 2 or 3 chromosome pairs (Table I). Notably, the greatest number of changes
(translocations or losses involving 10 of the 20 chromosome pairs) was observed in a cell
which retained ova (Fig. 5Fi). To quantify karyotypic diversity, we scored each cell by
counting the number of chromosome pairs which differed from their most common
presentation. Table I lists the score for each karyotype. By this analysis, significantly greater
karyotypic diversity was detected following co-culture than in the input population (p<0.05),
suggesting that co-culture with OT-I T cells induced a significantly increased diversity of
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karyotypes within the surviving population compared to that which existed in the pre-co-
culture population.

Discussion
The development of tumor immunotherapies has led to the discovery of a wide array of
mechanisms which tumors can employ to escape these therapies. We show here, for the first
time to our knowledge, that a potent T cell response can induce tumor escape through the
promotion of enhanced genomic instability. Although OT-I T cells transiently protected
mice against the growth of B16ova tumors, they also concomitantly drove evolution of the
surviving tumor cells into a new phenotype which allowed their escape from T cell-mediated
therapy. In OT-I mice, escape tumors completely lost the ova gene. In contrast, tumors
recovered from WT mice receiving OT-I T cells usually retained some ova DNA. Coupled
with gene loss, escape tumors had significantly diminished immune infiltrates and MHC
class I expression, suggesting that multiple escape mechanisms were operative in vivo.

We confirmed that the ova gene was stably inserted into the B16ova cells by cytogenetic
analysis and was present in all 120 separate cells which were analyzed. Significantly, all of
the cells which lost the ova gene in our studies also lost resistance to G418 selection and the
associated neor gene. Since the ova and neor genes are closely genetically linked in the
original plasmid used to generate G418r ova+ B16ova cells, the observation of the
concomitant loss of boh G418 resistance and ova DNA strongly suggests that escape tumors
did not emerge through the selection of pre-existing ova-negative cells, since any such cells
would not have survived in G418-containing medium in vitro. These observations clearly
suggest that ova loss was the result of an evolution of the tumor cell genotype in response to
OT-I T cell activity. In this respect, a single round of co-culture of B16ova cells with OT-I T
cells was sufficient to reduce significantly the ability of fresh OT-I T cells to respond to
stimulation with B16ova (Fig. 4A). This result could be explained by one of two models in
which the OT-I T cells either simply selected spontaneous ova-loss cells from the cultures or
actively induced gene loss in some target cells, which subsequently survived and expanded.
In the selection model, we would predict that the surviving ova-negative cells would contain
an increasing level of homogeneity between their karyotypes following co-culture compared
to the input population before co-culture. In contrast, the induction model would predict the
emergence of cells with increased levels of diversity of both ova gene content, and
karyotypic phenotypes, induced by the mutagenic activity of the OT-I T cells. Therefore, to
assess the significance of co-culture with OT-I T cells in vitro on the genomic stability of
B16ova cells, we measured the diversity of karyotypes between the pre-co-culture, and post-
co-culture, populations. As expected, both populations had diversity of karyotypes within
them (Table 1). However, the diversity of karyotypes in the pre-co-culture population was
significantly more limited (restricted to a single unique translocation per cell and loss of the
fourth copy of chromosome 2 in some cells) compared to the diversity observed in the post
co-culture population (which involved changes ranging from 2 or 3 chromosome pairs up to
10 of the 20 chromosome pairs) (p<0.05) (Table 1). In addition, the low diversity of
karyotypes in the pre-co-culture population was derived from a single cell clone over a
period of 6 months in culture. In contrast, the increased diversity of karyotypes in the post-
co-culture population evolved over a considerably shorter period of 3 weeks. Therefore,
although it is likely that our sample sizes failed to detect the full range of karyotypic
diversity in either population, these data indicate that co-culture with OT-I T cells induced a
significantly increased, and more rapidly evolving, diversity of karyotypes within the
surviving tumor cell population compared to that which existed in the pre-co-culture
population. Finally, similar to other tumors30,31, it is clear that untreated B16ova cells are
already somewhat genomically unstable. Therefore, it may also be possible that the
mutagenic activity of OT-I T cells targets only a subset of cells within the B16ova
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population and that it is these cells which selectively survive co-culture (a model involving
both induction and selection of ova loss variants).

We do not believe that the effects described here are specific to the OT-I model. Thus, in
separate experiments, we have shown that, when OT-I T cells were co-cultured with ligand
negative (ova-) TC2 murine prostate tumor cells (syngeneic to C57BL/6 mice), minimal cell
death was observed in vitro. These TC2 cells surviving co-culture showed very little
karyotypic deviation from parental TC2 cells (not shown). In contrast, in TC2 cells co-
cultured with T cells derived from mice treated with a potent anti-TC2 vaccine32, the
majority of those TC2 cells surviving the co-culture showed reproducible cytogenetic
changes which were not seen upon co-culture with either OT-I, or control C57BL/6,
splenocytes (Kottke et al., In preparation).

The scope of our studies is limited in two principal ways. First, the targeted OVA antigen is
an artificial tumor associated antigen and has no direct relevance to tumor cell survival.
Therefore, B16ova cells can, presumably, lose OVA expression with no deleterious effects
on tumor progression. Second, chromosomal integration of the ova plasmid may have
occurred at a location relatively susceptible to breaks or rearrangements, making disruption/
loss of the ova locus potentially more frequent/easy than for other genetic loci. In this
respect, although we observed OT-I T cell mediated genomic loss of the ova gene from a
single (haploid) chromosomal locus, we did not detect total loss of the gp100 gene by the
action of Pmel T cells on B16ova or B16 tumor cells (Fig. 4D). We hypothesize that the
discrepancy between these results could be for any of three principal reasons. In the first, the
strength of the interaction between Pmel T cells and B16 targets is significantly weaker than
that between OT-I and SIINFEKL-presenting B16ova cells. This is because the transgenic T
cell receptor in Pmel cells recognizes the human gp100 peptide significantly better than the
murine homologue29 and is manifested by very poor in vitro killing of B16ova, or B16, cells
by Pmel T cells, compared to OT-I mediated killing of B16ova cells (ref 29 and Kaluza et
al., In preparation). Thus, it may be that the signals mediating genomic instability, induced
by T cell/target cell interaction, are significantly weaker in the Pmel/B16 combination,
compared to those in OT-I/B16ova cultures. Second, it may be that the ova gene in B16ova
cells integrated at a chromosomal site of particular fragility following plasmid transfection.
Correspondingly, this site may, therefore, be acutely susceptible to rearrangement upon
induction of the signals generated by T cell mediated recognition of target cells. Finally,
unlike the haploid single insertion site of the ova gene, chromosomal gp100 genes are
present in our tumor cells at copy numbers of at least 2 or more. Of particular significance to
our studies here, gene loss of an MHC locus has been reported in escape tumors in both
animal models and in human tumors25,27. Significantly, irreversible loss of an HLA class I
gene, as reported by Garrido and colleagues, is often associated with coincident genetic
mutation at the second allele 25, 27. Therefore, although T cell induced gene loss may be
occurring in B16 cells exposed to Pmel cells, total loss of functional expression may not be
detected until either more extensive T cell mediated genomic rearrangements are induced
sufficient to ablate at least 2 copies of the gene, and/or alternative mutations are
incorporated into the additional alleles27.

In conclusion, our results highlight a potential drawback of T cell therapies which target
only a single antigen – including those using chimeric immune receptor-modified T cells1,2

– in that the interaction of tumor cells with anti-tumor T cells may actually help to generate
variant tumor cells which are then capable of the evading the initial T cell therapy. This
effect will be exacerbated if the selective pressure against the targeted antigen does not offer
any protection against antigen-negative cells. These considerations would predict better
clinical outcomes using transfer of T cells with multiple antigenic specificities. However,
clinical trials involving transfer of polyclonal TIL can still result in clonal repopulation of
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the T cell compartments of responding patients18, suggesting that ongoing control of
residual tumor cells in these patients becomes focused on a single, or a very few, antigens.
In such cases, our results suggest that it would be worthwhile investigating whether tumor
recurrences in those patients result, at least in part, from T cell-driven immune escape at the
level of gene loss. If this proves to be the case, it will be important to combine anti-tumor T
cell activity with therapies targeting other aspects of tumor growth, such as anti-angiogenic
therapies33,34 or destruction of the tumor stroma35,36. We are currently testing whether such
combination therapies can be used to increase the efficacy of OT-I transfer in our model by
requiring tumors to develop increasingly complex, and hopefully ultimately unachievable,
escape mechanisms in order to evade all components of the therapy simultaneously.
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Figure 1. OT-I T cells incompletely eliminate B16ova tumors
A, WT C57BL/6 mice (8 mice/group) were challenged subcutaneously with B16ova cells
and received PBS or in vitro-activated OT-I T cells intravenously on day 7. OT-I-treated
mice survived significantly longer than PBS-treated mice (p<0.05). B and C, growth curves
of individual tumors from PBS-treated (B) or OT-I-treated mice (C). D, OT-I mice were
challenged subcutaneously with B16ova tumors. The graph indicates days from the time of
tumor challenge until tumors became measurable (>2 mm diameter). E, Growth curves of
individual tumors in D. Tumor day 0 is the day at which each tumor was first measurable. F
and G, spleens were harvested from naive OT-I mice and from OT-I mice with 10 mm
tumors. Splenocytes were analyzed by flow cytometry and ELISA. F, average size of the
splenic CTL population of naïve and tumor-bearing OT-I mice. G, splenocytes were pulsed
with SIINFEKL peptide, and IFNγ production was measured by ELISA of the supernatants.
Data are representative of at least three independent experiments.
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Figure 2. B16ova tumors which escape in OT-I mice display several characteristics
distinguishing them from tumors in WT mice
10 mm tumors were harvested from WT or OT-I mice, homogenized, and analyzed by flow
cytometry and PCR. A, Tumor homogenates were stained for CD45 to identify infiltrating
immune cells. B, CD45+ cells in A were analyzed for expression of CD8 and CD3 to identify
tumor-infiltrating CTL. C and D, Expression of H-2Kb on the CD45− cells of tumors freshly
excised from WT (C) or OT-I mice (D). Histograms show a shaded isotype control and
H-2Kb levels of 4 individual tumors. E and F, tumors were re-established in culture, treated
with 500 U/mL IFNγ to induce MHC expression, and stained for H-2Kb. H-2Kb expression
on tumor lines which came from WT (E) or OT-I (F) mice. RNA and DNA were isolated
from freshly excised tumors and tested for ova and gapdh by RT-PCR (G) or PCR (H). Data
are representative of at least three independent experiments.
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Figure 3. Tumors which escape OT-I adoptive therapy show similar growth patterns to those
seen in OT-I mice
WT mice were treated as in figure 1. Tumors and spleens were harvested when mice were
killed due to tumor burden. A, PCR of DNA from freshly-excised tumors. B, Real-time PCR
of the DNA analyzed in A. Ova content of each tumor was normalized to gapdh. Bars
represent normalized ova content of tumors from OT-I-treated mice relative to average
normalized ova of untreated tumors. C, Percent of splenic CD8+ cells staining positive for
the Vα and Vβ chains used by the OT-I TCR. 4 mice per group are shown. D, flow
cytometry of representative tumors. Numbers on graphs indicate percent of total cells that
are CD45+ (to row), percent of CD45+ cells that are CD8+ (middle row), and percent of
CD45+CD8+ cells that are Vα2+Vβ5+ (bottom row).
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Figure 4. T cells directly promote the emergence of ova-loss cells in vitro
Activated OT-I T cells were co-cultured overnight with B16ova derived from a single-cell
clone. Once the B16ova population recovered, the co-culture step was repeated. Tumor cell
lines which had undergone zero to five rounds of co-culture were maintained (named 0x–
5x). A, Cells from each population were used as targets for OT-I T cells in a cytotoxicity
assay. B, DNA was isolated from each population and tested for ova and neor gene content
by PCR. C, B16ova cells were grown in vitro without G418. Some cultures were subjected
to a single round of co-culture on the first day following removal from G418 as in A and B.
Other cultures were left untreated. After 29 days, DNA was isolated from these cells and
from untreated cells growing in G418 (named input). Ova content was quantified by real-
time PCR. Ova levels in each sample were normalized to apolipoprotein B. Bars represent
the average normalized ova content of 3–4 samples receiving each treatment. Data are
representative of at least two independent experiments. D. Activated OT-I (lanes 1&4) or
Pmel(lanes 2,5&6) T cells, or control C57BL/6 splenocytes (lanes 3&7), were co-cultured
with B16ova (lanes 1–3) or B16 (lanes 4–7) tumor cells as described in A. above. To
increase T cell activation, target B16 tumor cells were also co-cultured with Pmel T cells in
the presence of the KVPRNQDWL (hgp10025–33) peptide (lane 6). DNA isolated from
tumor cells which had undergone five rounds of co-culture was tested for the ova, gp100 and
GAPDH genes by PCR.
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Figure 5. B16ova cells have increased karyotypic variation following OT-I co-culture
A, B16ova derived from a single-cell clone contained a single ova insert detectable by FISH.
Bi–Biii, Karyotypes of 3 individual cells of untreated B16ova. Arrows indicate the location
of the ova insert on an abnormal chromosome 7. C–F, The same single-cell clone shown in
A and B was subjected to a single round of OT-I co-culture and analyzed by FISH and SKY.
Some cells were no longer ova positive by FISH (C) but still contained the abnormal
chromosome (Di–Diii). Other cells retained the ova insert (E) and had other chromosomal
losses and translocations (Fi–Fiii).
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Table I

Karyotypic variations in each cell analyzed

Number of karyotypic variationsa

Input 0, 1, 1, 1, 2

After co-culture 1, 1, 2, 2, 3, 3, 3, 3, 10

a
A variation is counted for each chromosome pair which differs from the most common presentation of that pair among the 14 cells analyzed.

Variations include translocations, loss of chromosomes, gain of chromosomes, and loss of the ova FISH signal.
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