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Abstract

Despite their origin from self-tissue, tumor cells can be immunogenic and trigger immune responses
that can profoundly influence tumor growth and development. Clinically, it may be possible to
amplify or induce anti-tumor immune responses to achieve tumor rejection in patients. Increasing
data over the last 8 years suggest that the human telomerase reverse transcriptase hTERT is
immunogenic both in vitro and in vivo and may be a suitable target for novel cancer immunotherapy.
Peptides derived from hTERT are naturally processed by tumors and presented on MHC molecules
and trigger effector functions of specific T lymphocytes. Vaccination of cancer patients against
hTERT epitopes induces anti-tumor T cells without clinical toxicity. If second-generation vaccines
and other strategies are able to generate optimal cellular immunity against hnTERT without toxicity
in humans, the possibility of broad-spectrum immunotherapy or even immunoprevention therapy of
cancer may be possible.
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1. Introduction

Although cancer is fundamentally a genetic disease, it has become increasingly clear that
additional pressures within the tumor microenvironment, particularly cellular immune
responses, profoundly influence tumor growth and development [1]. In the wake of genomic
instability and aberrant gene expression, tumor cells express antigens that make them
immunologically distinct and potential targets for the host immune system [2]. Indeed, cellular
immunity has long been postulated as a mechanism of tumor suppression [3], with compelling
evidence for this hypothesis coming most recently from studies in mice deficient for key
regulators of cellular immune responses [4-7].

For humans with cancer, careful clinicopathological studies demonstrate that the presence and
type of T lymphocytes that infiltrate tumor lesions independently predict clinical outcome
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across a broad range of histologies [8-12]. In particular, cytotoxic T lymphocytes (CTL) are
considered chief mediators of tumor immuno-surveillance [1,2] via the recognition of tumor-
associated antigens (TAA) as cognate peptides bound to major histocompatibility molecules
expressed on the surface of tumor cells. Like viral or other microbial antigens, TAA are
degraded by the proteasome into short peptides, transported into the endoplasmic reticulum,
packaged in the groove of newly synthesized MHC molecules, and delivered as peptide-MHC
(pPMHC) complexes to the cell membrane. Engagement of a specific TCR by these pMHC
complexes activates CTL to proliferate, produce cytokines, and seek out and lyse target cells
presenting the same antigen.

A major achievement in the field of tumor immunology over the last 20 years has been the
clear demonstration that TAA mediate specific anti-cancer T lymphocyte responses. In
pioneering studies dating from the early 1990s, the molecular targets of anti-cancer T cell
responses have been characterized by comprehensive analyses of patient derived T cells [13,
14]. Although this work initially focused on melanoma, it was quickly extended to most other
malignancies, raising the hypothesis that most tumors express antigens that T lymphocytes can
potentially attack [14-17]. The notion that tumor antigen-specific immune responses can lead
to tumor regression has now been borne out extensively in animal models and is being actively
tested in human clinical trials [18].

Dozens of TAA have by now been described [19]. Unfortunately, the expression of most TAA
is restricted to a few tumor types and to a fraction of patients with these types of tumors, and
the appearance of antigen-loss mutations in tumor cells in the face of immune pressure is well-
described [20-22]. To circumvent this issue, a class of TAA termed “universal tumor antigens”
has been proposed that are hypothesized to not only trigger T cell reactivity against a broad
range of tumor types but also play critical functional roles in tumor growth and development
[23]. Such universal TAA would:

»  beexpressed in the vast majority of human cancers with minimal expression in normal
tissue,

» include peptide sequences that bind to MHC molecules,

»  be processed by tumor cells such that antigen-derived peptides are available for
binding to MHC molecules,

»  be recognized by the T cell repertoire in an MHC-restricted fashion, and

» permit the expansion of CTL precursors expressing specific T cell receptors.

2. Telomerase as a universal tumor antigen

A prototype antigen for this hypothesis is the telomerase reverse transcriptase ("nTERT) [24].
Human telomeres are comprised of non-coding, repetitive DNA at the ends of chromosomes
featuring 3-20 kilobase regions of the nucleotide repeat TTAGGG. The cell biology of
telomerase and its associated proteins, including hTERT, has been reviewed elsewhere
[25-27]. Telomerase maintains chromosomal integrity by protecting telomeric DNA that would
otherwise be lost during successive rounds of cell division in rapidly dividing cells such as
cancer cells [25,28]. Most human cells do not express telomerase [29] and lose telomeric DNA
with each cell division [30,31]. In contrast, most human tumors exhibit strong telomerase
activity [29], express hTERT [32,33], and maintain telomere length [34]. hTERT is the rate-
limiting component of the complex, and its expression tightly correlates with telomerase
activity [32,33,35,36].

Unlike most other TAA, the expression of h TERT in tumor cells has been linked to tumor
growth and development, and the expression of hTERT contributes critically to oncogenic
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transformation by permitting unlimited replicative potential. Ectopic expression of hTERT in
combination with the simian virus 40 large-T oncoprotein and an oncogenic allele of H-ras
results in tumorigenic conversion of normal human epithelial and fibroblast cells,
demonstrating that disruption of the intracellular pathways regulated by large-T, oncogenic ras
and telomerase is sufficient to create a human tumor cell [37]. Moreover, inhibition of
telomerase activity in hnTERT-positive tumor cells leads to telomere shortening and cell death
by apoptosis [38,39]. This is an important feature of hTERT as a TAA because it is already
well-established that therapeutic strategies targeting antigens not involved in tumor growth can
result in the selection of antigen-loss tumor mutants that are clinically progressive [20-22].

3. Immunological characterization of hTERT-derived T cell epitopes

Studies over the last 8 years have demonstrated that peptides derived from hTERT are naturally
processed by tumors and presented on MHC molecules and can trigger effector functions of
specific CTL (Fig. 1). The first immunogenic peptide described from hTERT — 1540
(ILAKFLHWL) — is restricted to the MHC class | allele HLA-A2, found among nearly 50%
of Caucasian, Asians, and Hispanics and 33% of African-Americans. The 1540 peptide was
deduced from the sequence of hTERT based on computer-assisted analysis of MHC-binding
motifs and was subsequently shown to bind strongly to HLA-A2 [40]. As demonstrated
independently by several groups [40-43], CTL specific for 1540 peptide can be generated in
vitro that kill a range of hTERT+ tumor cell lines and primary tumors in a peptide-specific,
MHC-restricted fashion. On the other hand, Parkhurst et al [44] evaluated several 1540-specific
T cell clones and found that none were able to recognize HLA-A2+ hTERT+ tumor cells.
Similar data was also reported by another group [45] and the conclusion reached by these
investigators was that the hnTERT 1540 peptide is not presented on the surfaces of tumor cells
in the context of HLA-A2. Most recently, Sadelain and colleagues [42] make note of these
discrepancies and address it using a novel antigen-presenting cell (APC) system. These
investigators found that the 1540 epitope is naturally processed on the surface of both tumor
cellsand APCs, and 1540-specific CD8+ T cells efficiently lyse tumors expressing endogenous
hTERT in a HLA-restricted manner. Indeed, the direct isolation of the 1540 peptide from the
groove of HLA-A2 on primary tumor cells [46] as well as K562 cells expressing both HLA-
A2 and hTERT [47] has been demonstrated by mass spectroscopy.

In addition to the 1540 epitope, multiple other HLA binding epitopes derived from hTERT
have been identified (Table 1). These include epitopes restricted to HLA-A2 as well as HLA-
Al, -A3, -A24, and -B7 [41,48-56]. More than 90% of humans express at least one of these
five MHC class | alleles. In each case, candidate peptide epitopes were shown to bind to MHC,
and used to generate T cells in vitro that lyse targets and tumors in an antigen-specific, MHC
class I-restricted fashion. In another experimental approach, hnTERT-specific CTL were
generated ex vivo from cancer patients using autologous dendritic cells transduced with h TERT
MRNA as the stimulating APC [57]. These CTL were shown to lyse primary human tumors
in an antigen-specific fashion. Finally, Vieweg and colleagues have generated polyclonal anti-
tumor CTL ex vivo from patients with prostate or renal cell carcinoma following stimulation
with autologous dendritic cells transduced with whole tumor mRNA [58,59]. These CTL, as
designed, had multiple antigen specificities, a significant portion of which was against "\TERT
[58,59].

Because T cell epitopes such as hTERT 1540 may be influenced by immune tolerance due to
its high affinity and stability with HLA-A2, there have also been efforts to characterize low-
affinity epitopes derived from hTERT that may escape tolerance induction. Classically
considered poorly immunogenic, low-affinity epitopes can induce robust CTL responses after
modification from wild type sequence, for example, by changing position 1 of HLA-A2-
restricted peptide epitopes to tyrosine [60]. Two such low-affinity HLA-A2-restricted epitopes
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derived from hTERT are 572Y (YLFFYRKSV) and 988Y (YLQVNSLQTV) [50,51] and each
exhibits strong affinity for HLA-A2 and stimulates specific CTL in vitro. These CTL
specifically lyse hTERT-expressing tumor cells of various histologies but not HLA-A2-
negative or hnTERT-negative tumors [50,51]. In HLA-A2 transgenic mice, vaccination with
572Y or 988Y generates specific T cell responses that protect animals from a lethal challenge
with TERT-expressing tumor cells without toxicity [61].

Beyond MHC class | epitopes for CD8+ T cells, hTERT also includes multiple epitopes
restricted to MHC class Il that drive CD4+ T cell responses (Table 1). Particular CD4+ hTERT
epitopes include R672 and L766 peptides, each shown to be naturally processed and presented
and recognized by the T cell repertoire in patients and healthy individuals [62,63]. Both of
these epitopes as well as a third epitope (E611) [64,65], induce T cell activation promiscuously
such that they can induce a CD4+ response in the context of multiple MHC Class I alleles.
Transfection of APCs with full-length hTERT constructs also triggers hTERT-specific CD4+
T cells in vitro [66,67].

4. Naturally occurring immune responses to hTERT

In healthy individuals, the precursor frequency of hTERT-specific CTL in peripheral blood is
thought to be very low, or at least undetectable with state-of-the art immunoassessment assays.
This situation may be different for cancer patients. For example, naturally occurring CD8+ T
cells specific for the hTERT 1540 peptide have been observed in high numbers in blood from
certain populations of cancer patients in remission following standard therapies [43,46]. For
example, >80% of HLA-A2+ patients with chronic myelogenous leukemia in durable
remission following treatment with imatinib, interferon-alpha, or stem cell transplantation
harbor large numbers of circulating, tetramer-positive 1540-specific CTL in peripheral blood,
as high as 13.2% of freshly isolated CD8+ T cells [46]. Similarly, >90% of HLA-A2+ patients
with prostate cancer in remission following prostatectomy demonstrate 1540-specific CD8+ T
cells (up to 1.4%) that recognize HLA-matched or autologous tumor and specifically secrete
IFN-y in vitro [43]. HLA-A2+ patients with multiple myeloma also exhibit, albeit rarely,
naturally occurring CTL specific for 1540 hTERT peptide in blood [68]. Beyond the 1540
epitope, Mizukoshi et al reported in a study of 72 hepatocellular carcinoma patients, naturally
occurring T cell responses to five different HLA-A24-restricted epitopes derived from hTERT,
with up to 12% of patients responding to any one particular peptide [54]. These CTL were
isolated in vitro and shown to specifically secrete IFN-y and mediate cytotoxicity against
hTERT+ HLA-A24+ tumor cells. Finally, hnTERT-specific auto-antibodies have also been
detected in cancer patients. For example, an unexpectedly high fraction of patients with
hepatocellular carcinoma and other cancers, but not healthy individuals, exhibit hTERT
reactive antibody in the serum [69].

Taken together, these studies suggest that hnTERT can be an immunogenic protein and that
immune tolerance to hTERT, despite being a self antigen, is not complete. In acute viral
infections, expansion of antigen-specific CD8+ T cells in peripheral blood is typically
associated with immune control of disease. In cancer, however, even extensive expansion of
tumor antigen-specific CD8+ T cells in vivo is not thought to guarantee a therapeutic effect
[70]. In such cases, antigen-specific cytolytic function has been shown to be impaired [71]. It
remains an important question whether the naturally occurring precursor frequency of hnTERT-
specific T cells is significantly higher in patients in remission than in patients with bulky burden
of disease. If it is, one implication would be that naturally occurring hTERT-specific T cell
responses actively contribute to tumor immunosurveillance; however, it would remain equally
possible that the existence of naturally occurring hTERT-specific T cell responses only
represents a late consequence of T priming by APC that have cross-presented antigen from
tumor cells killed by other processes.

Biochimie. Author manuscript; available in PMC 2009 September 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vonderheide

Page 5

5. Clinical trials of hnTERT immunotherapy

Multiple phase 1 clinical trials of h\TERT immunotherapy have already been conducted in
patients with advanced cancer, each of which test the hypothesis that hnTERT-specific
vaccination can overcome immunological tolerance and trigger anti-tumor T cell responses in
vivo (Table 2). Chief findings include the induction of hTERT-specific T cells in the absence
of toxicity. Objective clinical responses have been rarely reported, but no study yet has been
statistically powered to measure this endpoint adequately.

In the first h\TERT vaccination trial, conducted at the Dana Farber Cancer Institute (Boston,
MA, USA), 7 HLA-AZ2 patients with advanced breast or prostate cancer were treated with
autologous monocyte-derived DC pulsed ex vivo with hTERT 1540 peptide and keyhole limpet
hemocyanin [72]. Immune responses and clinical evidence of anti-tumor activity were
observed without toxicity. Tetramer-guided high-speed sorting and polyclonal expansion was
used ex vivo to obtain highly enriched populations of hnTERT-specific cells and these T cells
specifically killed hnTERT+ tumor cells in an MHC-restricted fashion.

In another trial at the Abramson Cancer Center of University of Pennsylvania (Philadelphia,
PA, USA), 19 HLA-A2+women with metastatic breast cancer were vaccinated subcutaneously
with hTERT 1540 peptide emulsified in Montanide adjuvant and administered with granulocyte
macrophage colony-stimulating factor (GM-CSF) up to eight times [73]. Based on in vitro
analyses performed on peripheral blood obtained before and after treatment, 68% of patients
were found to have responded immunologically. Tumor-infiltrating lymphocytes (TIL) were
evident after, but not before vaccination, with 4%-13% of post-vaccine CD8+ TIL specific for
hTERT 1540. Induction of TIL manifested clinically with tumor-site pain and pruritis and
pathologically with marked tumor necrosis. Peripheral blood hTERT-specific CD8+ T cells
were also induced and shown in vitro to proliferate, produce IFN-gamma, and lyse tumors. An
exploratory landmark analysis revealed an association between an hTERT-specific CD8+ T
cell immune response and overall survival in these patients. Interestingly, these clinical and
immunological findings were not observed in a study at the National Cancer Institute
(Bethesda, USA) of 14 patients with metastatic cancers injected with h-TERT 1540 in Montanide
without GM-CSF. Although induction of 1540-specific CTL was observed in 50% of patients
without toxicity, CTL isolated ex vivo failed to lyse tumors endogenously expressed telomerase
and no clinical benefit was observed [44].

With the goal of inducing both CD4 and CD8 T cells responses in patients, a trial at Norwegian
Radium Hospital (Oslo, Norway) enrolled 26 patients with non-small cell lung cancer who
were repeatedly injected with 1540 and E611 peptide and GM-CSF [64]. Only a fraction of all
patients treated in this trial, however, were HLA-A2+. Treatment was well-tolerated and
immune responses against E611 were detected in 46% of evaluable patients. A complete tumor
response was observed in one patient who developed an immune response following treatment.
In a second trial at the same institution, patients with non-resectable pancreatic cancer were
immunized with E611 peptide alone, with GM-CSF, with specific T cell responses detected in
63% of patients [74]. Median survival for immune responders was significantly higher than
that for non-responders.

To test the immunogenicity of low-affinity hTERT peptides, two trials at the University
General Hospital of Heraklion (Heraklion, Crete) enrolled HLA-A2+ patients. Patients were
given subcutaneous injections of 572 modified peptide in Montanide adjuvant. Nineteen
patients with chemotherapy refractory and progressing malignant tumors advanced were
treated in a phase | trial [75], and 22 patients with advanced non-small cell lung cancer were
treated in a follow-up expanded safety trial [76]. Peptide specific T cell responses were
observed in the majority of patients without toxicity. In the second trial, estimated overall
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survival was 30 months for immunological responders vs. 4 months for non-responders [76].
A trial testing both 1540 and 572Y peptides loaded onto autologous B cells as a vaccine was
tested in 15 patients with advanced prostate cancer at the University of California San Diego
(San Diego, USA). Again, immune responses were observed without toxicity [77].

Finally, in the first clinical trial evaluating immunotherapy with full-length hTERT [78], 20
patients with metastatic prostate cancer at Duke University Medical Center (Durham, NC,
USA) were administered autologous dendritic cells transfected with mMRNA encoding hTERT
with or without the inclusion of a chimeric construct of lysosome-associated membrane
protein-1 (LAMP). Induction of hTERT-specific CD8+ T cells was observed in all but one
patient, with up to 1.8% of CD8+ T cells exhibiting hTERT specificity. Antigen-specific
immune measurements were higher in patients immunized with chimeric LAMP hTERT.
Treatment was associated with an increase in the prostate-specific antigen doubling time and
molecular clearance of circulating micrometastases.

6. Prospects for building a cancer vaccine targeting telomerase

For the most part, published reports of R TERT vaccination offer preliminary evidence to
support the notion that hnTERT can function as a TAA target for novel vaccines. If, in further
studies with second-generation vaccines, optimal immunity can be successfully elicited in
cancer patients without the induction of severe autoimmunity, hnTERT clearly becomes a prime
candidate for a widely applicable cancer vaccine. The major advantages of using hTERT as
tumor antigen include its nearly universal expression across all types of tumor histologies as
well as the critical role hTERT plays in oncogenesis. The latter feature may help to circumvent
the difficulties of immune escape because tumor downregulation of hnTERT might itself be
incompatible with sustained tumor growth. In two trials targeting the hTERT 1540 peptide in
patients with breast and prostate cancer, loss of hTERT mRNA in tumors was not observed
after vaccination despite the induction of hnTERT-specific T cell responses [72,73].

Finally, because hTERT can be predicted to be associated with >85% of human cancers, the
opportunity for vaccinating individuals as an immunoprevention strategy can be envisioned
for hnTERT-based therapies. This not only includes the testing of hTERT vaccination in the
adjuvant (minimal residual disease) clinical setting, for example, but also ultimately in healthy
individuals considered at high risk for cancer based on genetic factors and medical history.
Although new candidate antigens need to be tested for safety in a therapeutic clinical setting
(as has now been extensively done for hnTERT-based formulations), it is important to note that
post-exposure vaccination is rarely clinically effective in any medical setting. In cancer
patients, tumor burden negatively impacts attempts at therapeutic vaccination, and accordingly,
there is considerable effort to rapidly apply strategies that pass phase | safety testing to patients
with less tumor burden. Of course, any preventative cancer vaccine would require a very narrow
toxicity profile, and whether or not this is achievable for hnTERT or any other universal tumor
anatigen is an important question for future studies. Nevertheless, the potential for significant
clinical impact would be great.

7. Challenges for building a cancer vaccine targeting telomerase

The major challenge with regard to hTERT and other TAA derived from the human genome
is to develop therapies that generate an immune response as robust and as safe as those that
can be generated against viruses. It has often been cited that the amplitude of T cell responses
achieved in patients so far against any of a number of TAA, including hTERT, are 10-fold or
more lower than T cell responses the offer protection and clearance after viral infection in
humans. A number of mechanisms of immuno-resistance have been described over the last 10
years, as extensively reviewed elsewhere [79]. These mechanisms include not only tumor-
derived factors that antagonize cellular immunity, but also host factors that dampen any cellular

Biochimie. Author manuscript; available in PMC 2009 September 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vonderheide

Page 7

immune response. The cellular and molecular basis of many of these mechanisms are being
increasing understood and are the subject of intense efforts to target these mechanisms
clinically in combination with novel cancer vaccines. For hTERT in particular, a number of
novel immunological approaches have been reported in the last year alone [80-84].

Assuming that robust and optimal T cell responses against hnTERT can one day be generated
in patients, a major remaining issue is the potential lysis of rare normal cell types in which
telomerase has been detected. Telomerase activity is absent in most major organs but activity
or hTERT mRNA expression has been reported in hematopoietic stem cells, activated
lymphocytes, basal keratinocytes, gonadal cells, and certain epithelial cells [25,26]. hTERT-
specific CTL do not lyse telomerase-positive CD34* hematopoietic progenitor cells or
activated T lymphocytes in vitro [40,41]. Likewise, no CTL-mediated toxicity has been
observed against normal bone marrow cells using immunodeficient mice reconstituted with
patient hematopoeitic progenitors after exposure to hTERT-specific CTL [85]. In mouse
models, TERT-specific vaccination generates robust protective immunity without the
development of autoimmunity against TERT-expressing cells [57]. These findings may reflect
relatively low levels of TERT protein in normal cells, or alternatively, inefficient processing
TERT peptide in normal cells. Without long-term safety data after hnTERT immunotherapy,
however, it remains conceivable that sustained hTERT-specific immune responses may cause
toxicity in normal hTERT-expressing cells. Indeed, the clinical consequences of long-term
telomerase insufficiency in patients with inherited mutations in hTERT or associated genes are
well-described and serious [86-89]. These concerns argue for prudent design and execution of
clinical trials targeting hTERT for immunotherapy.

8. Summary

Immunological analysis of the telomerase reverse transcriptase hTERT suggests that the
enzyme is a potentially important and widely applicable target for anti-cancer T cell
immunotherapy. Initial clinical trials of multiple vaccine formulations demonstrate that
hTERT-specific immune responses can be safely induced in patients. If second-generation
vaccines and other strategies are able to generate optimal cellular immunity against " TERT
without toxicity in humans, the possibility of broad-spectrum cancer immunotherapy or even
immunoprevention therapy based on this and similar antigens could be considered.
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Fig. 1.

Graphical representation for the proposed mechanism of T cell recognition of "TERT+ tumor
cells. hTERT is processed by the proteasome into short peptides, presented in the groove of
newly synthesized MHC molecules, and delivered as peptide-MHC complexes to the cell
surface. T cells bearing a T-cell receptor of the appropriate specificity bind to these peptide-
MHC complexes, leading to T cell activation.
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Epitope Sequence Restricting MHC allele Reference
1540 ILAKFLHWL HLA-A2 [40]
R865 RLVDDFLLV HLA-A2 [41]
572y YLFFYRKSV HLA-A2 [50]
988Y* YLQVNSLQTV HLA-A2 [50]
R38” RLGPQGWRV HLA-A2 [56]
K973 KLFGVLRLK HLA-A3 [48]
V324 VYAETKHFL HLA-A24 [49]
V461 VYGFVRACL HLA-A24 [49]
Y325 YAETKHFLY HLA-A1 [53]
M1 MPRAPRCRA HLA-B7 [52]
A4 APRCRAVRSL HLA-B7 [52]
A68 APSFRQVSCL HLA-B7 [52]
R277 RPAEEATSL HLA-B7 [52]
R342 RPSFLLSSL HLA-B7 [52]
R351 RPSLTGARRL HLA-B7 [52]
L1123 LPSDFKTIL HLA-B7 [55]
T1088 TYVPLLGSL HLA-A24 [54]
C845 CYGDMENKL HLA-A24 [54]
Al67 AYQVCGPPL HLA-A24 [54]
L766 LTDLQPYMRQFVAHL DR4, DR11, DR15 [63]
R672 RPGLLGASVLGLDDI DR1, DR7, DR15 [62]
E611 EARPALLTSRLRFIPK Promiscuous DR, DP, DQ [64,65]

*
Underlined amino acids are mutated
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