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Telomerase reverse transcriptase (TERT)
is a good candidate for cancer immuno-
therapy because it is overexpressed in
85% of all human tumors and implicated
in maintenance of the transformed pheno-
type. TERT-based cancer vaccines have
been shown to be safe, not inducing any
immune-related pathology, but their im-
pact on tumor progression is modest.
Here we show that adoptive cell therapy
with the use of high-avidity T lympho-
cytes reactive against telomerase can

control the growth of different estab-
lished tumors. Moreover, in transgenic
adenocarcinoma mouse prostate mice,
which develop prostate cancer, TERT-
based adoptive cell therapy halted the
progression to more aggressive and
poorly differentiated tumors, significantly
prolonging mouse survival. We also dem-
onstrated that human tumors, including
Burkitt lymphoma, and human cancer
stem cells, are targeted in vivo by TERT-
specific cytotoxic T lymphocytes. Effec-

tive therapy with T cells against telomer-
ase, different from active vaccination,
however, led to autoimmunity marked by
a consistent, although transient, B-cell
depletion in primary and secondary lym-
phoid organs, associated with alteration
of the spleen cytoarchitecture. These re-
sults indicate B cells as an in vivo target
of TERT-specific cytotoxic T lymphocytes
during successful immunotherapy. (Blood.
2010;115:1374-1384)

Introduction

Attempts to treat experimental tumors with adoptive T lymphocyte
transfer started in 1960, soon after the demonstration that the
cellular arm of the immune system was responsible for tissue
rejection.! The translation of this approach to the clinic, however,
became possible when human tumor-infiltrating lymphocytes (TILs)
could be expanded in vitro and injected back into cancer patients.?
Only recently, however, an objective cancer regression was achieved
in approximately 50% of patients with metastatic tumor after the
introduction of host preconditioning by lymphodepletion before the
treatment, followed by high-dose interleukin-2 (IL-2) to sustain
in vivo expansion of T cells.>* So far, this approach has been
limited to melanoma patients, from whom TILs of known specific-
ity are easily cultured in vitro, whereas for tumors other than
melanoma the rescue of TILs is problematic.

Telomerase is considered an attractive target as universal
antigen for the immunotherapy of cancer. Telomerase reverse
transcriptase (TERT) is the protein component of the telomerase
complex responsible for elongation of telomeres and plays an
essential role in sustaining cancerous cell proliferation.” TERT is
silent in most human somatic tissues but reactivated in 85% of
tumors. Active immunization against telomerase and cancer vacci-
nation clinical trials have been attempted that demonstrate little
toxicity, but results concerning therapeutic efficacy are not conclu-
sive.%7 Although T lymphocytes against telomerase were isolated

and extensively characterized in vitro,®? the use of adoptive cell
therapy (ACT) with telomerase-specific lymphocytes has never been
investigated. To evaluate therapeutic efficacy and determine the
potential immunopathology associated with TERT-based ACT, we
generated and analyzed the activity of TERT-specific CD8* T cells.

Methods

Mice and cell lines

C57BL/6 mice were from Charles River Laboratories Inc. Transgenic adenocar-
cinoma mouse prostate (TRAMP) mice, a gift from N. M. Greenberg (Fred
Hutchinson Cancer Research Center), were maintained in the mouse facility of
Istituto Oncologico Veneto. Heterozygous TRAMP used in the experiments were
obtained and screened as described.!® C57BL/6-CD45.1 " mice were a gift from
M. P. Colombo (National Institutes of Tumors), pmel-1 TCR transgenic mice
were a gift from N. Restifo (National Institutes of Health), and human leukocyte
antigen (HLA)-A*0201-transgenic (HHD) mice were obtained by F. A. Lemon-
nier (Institut Pasteur) and maintained at Istituto di Ricerca di Biologia Moleco-
lare. Rag2~'~y.”'~ were purchased form Taconic. Mice were treated in
accordance with European guidelines (http://ec.europa.eu/environment/chemicals/
lab_animals/legislation_en.htm). B16 melanoma cells were provided by N. Res-
tifo (NIH). B16-B7.1 cells, genetically modified to express mouse B7.1 (pro-
vided by P. Della Bona, Istituto Scientifico San Raffaele) were cultured in the
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presence of G418 (0.5 mg/mL; Invitrogen). MBL-2 leukemia, MCA203 fibrosar-
coma, MC38 colon carcinoma, EL-4 thymoma, and TC-1 lung carcinoma were
all purchased from ATCC. TRAMP-C1 and TRAMP-C2 cell lines, established
from prostate tumor of a TRAMP mouse, were provided by N. M. Greenberg
(FHCRC). TRAMP-C1-B7.1 and TRAMP-C2-B7.1 transfectants were provided
by S. Sartoris (University of Verona) and cultured with G418 (0.5 mg/mL) in
Dulbecco modified Eagle medium high glucose (Invitrogen) in presence of
10~8M dihydrotestosterone (Sigma-Aldrich), 5 pg/mL insulin (Sigma-Aldrich),
5% Nu serum IV (BD Biosciences), and 5% fetal bovine serum (Invitrogen). The
16.1 cytotoxic T lymphocytes (CTLs) recognizing the K -restricted epitope of
B-galactosidase (B-galos 103 DAPIYTNV) were provided by M. P. Colombo
(National Institutes of Tumors). The 293-A2 human embryonic kidney cell line,
stably transfected to express the HLA-A2 class I molecule, was provided by
J. C. Yang (National Institutes of Health). SW480 colon carcinoma, U266
myeloma, DG-75 Burkitt lymphoma, and TALL-1 acute T leukemia are all
HLA-A2 positive whereas MOLT-3 acute T leukemia is HLA-A2 negative. All
these cell lines were purchased from the ATCC. LNCaP is a human prostate
carcinoma line deficient in HLA class I heavy-chain function provided by
M. Colombatti (University of Verona).

Colon cancer stem cells characterization

Colon adenocarcinoma samples were obtained upon patients’ informed
consent and approval by the institutional research board of the University of
Padua in accordance with the Declaration of Helsinki. Cell lines were
obtained by mechanical and enzymatic dissociation of colon tumor samples
and cultured as previously described.!! Tumor spheres were mechanically
dissociated, washed, and incubated with the specific antibody anti—
HLA-A2 (BB7.2; BD Biosciences) or the isotopic control. Cells were then
incubated with fluorescein isothiocyanate (FITC)—conjugated secondary
antibody and analyzed by fluorescence-activated cell sorting (FACS; BD
Biosciences). Expression of telomerase was determined by use of the TRAP
assay (TRAPeze; Millipore). 33P-radiolabeled polymerase chain reaction
products were run on 10% nondenaturating polyacrylamide gel. The gel
was dried and exposed to a sensitive Kodak film.

Plasmid and adenoviral vectors

The synthetic codon optimized sequence coding for TPA-human (h)TERT-
LTB, which was cloned into vector pV1JnsA and used for immunization of
HHD mice, was obtained by GENEART.!?> Two point mutations, D712A
and V7131, were introduced to produce a catalytically inactive TERT
enzyme.'3 The Ad6/mouse (m)TERT construct is deleted in the E1 and E3
viral regions. The sequence coding for mTERT is the native mTERT cDNA
sequence obtained by Geron Corp. Mutations, D702V and V7031, into the
murine TERT catalytic site, were introduced with the Stratagene quikchange
multisite directed mutagenesis kit (Stratagene). mTERT c¢cDNA was cloned
Sall/Sall into pPNEBAd6-CMVpA shuttle vector and sequenced. The plasmid
pNEBAd6-CMVpA-mTERT was digested with Pacl/Pmel and recombined to
Clal-linearized plasmid pMRK Ad6. The plasmid was cut with Pacl to release
the Ad ITRs and transfected in Perc-6 cells (Crucel). Ad6 vector amplification
was carried out by serial passages and purified through CsCl gradient.

In vitro leukocyte cultures

Mouse TERT 93205 CTLs were obtained from a mixed-leukocyte peptide
culture set up with vaccinated TRAMP splenocytes (5 X 10°) in presence of
0.1uM of mTERT ¢g05 peptide (VGRNFTNL). Individual clones were
obtained from the bulk population, after several cycles of restimulation, by
limiting dilution. Human TERT CTLs were obtained from splenocytes
(5 X 10°) of vaccinated HHD mice grown in presence of 0.1uM of either
hTERTges.873 (RLVDDFLLV) or hTERT333 (RLGPQGWRYV) peptide.
Human HER2/neu CTLs were obtained from HHD-vaccinated splenocytes
stimulated with 1M HER-2 349377 (TYVPANASL) peptide. CTLs specific
for both TERT and {3-gal antigen were maintained by culture with
y-irradiated syngenic splenocytes pulsed with either 0.1uM TERT or 1uM
B-galgs.103 (DAPIYTNV) peptides. Gp100,5.33 CTLs derived from Pmel-1
splenocytes were stimulated once with 1M specific hgp100,5.33 (KVPRN-
QDWL) peptide. Cultures were grown for 7 days in complete medium
containing 20 IU/mL of recombinant human IL-2 (Novartis).
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ACT

ACT in the metastatic model was performed after inoculation of C57BL/6 mice
with 10° B16 tumor cells in the tail vein on day 0. On day 3, 5 X 10° of either
mTERT-specific or B-gal-specific CTLs were administered intravenously. To
sustain T-cell growth in vivo, recombinant human IL-2 (30 000 IU) was given
twice a day intraperitoneally for 3 consecutive days. ACT in mouse-
transplantable tumor models was performed in C57BL/6 mice after subcutaneous
challenge with the following: 5 X 10° B16, 10° TRAMP-C2, 10° MCA203,
10°MC38, and 10° TC-1 cells. When the tumor area was approximately 10 mm?,
mice were sublethally irradiated (5 Gy). After 6 hours, 5 X 10° antigen-specific
CTLs were injected intravenously. At the time of CTLs transfer, mice were
injected intramuscularly with 5 X 108 PFU of the recombinant adenoviral vector
coding for the relevant antigen recognized by transferred T cells and then treated
with IL-2 as described previously. Tumors were measured on blind by the use of
digital calipers. Mice were killed when the tumor area reached 100 mm?>.

TRAMP mice, 8 weeks of age, received ACT according the protocol
described. The ACT was repeated when the mice were 13 and 18 weeks of
age. In the last treatment, mice were not injected with recombinant
adenovirus. Mice were killed when a macroscopic palpable tumor or signs
of suffering were evident. In the human transplantable tumor models,
Rag-2~/~y.~/~ mice were implanted subcutaneously with 10° SW480 colon
cancer cells or with 10° DG-75 Burkitt lymphoma cells. When the tumor
area was approximately 10 mm?, mice were injected with 5 X 10° of
hTERT-specific CTLs and IL-2, as described previously. In the human
cancer stem cell model, Rag-2~/~vy,~/~ mice were implanted subcutane-
ously with 5 X 103 tumor cells and at the same time injected intravenously
with 5 X 10° of CTLs and IL-2, as described previously.

Analysis of the cell-mediated immune response

Released IFN-y was measured by enzyme-linked immunosorbent assay
(ELISA; Endogen Inc) after incubation of 105 CTLs for 24 hours with an
equal amount of target cells.'* ELIspot assay was performed by the use
of peptide pools coding for hTERT. The immunogenic regions were
experimentally identified by peptide deconvolution, as described.!4-16
Cytotoxicity was measured by >'Cr release assay as described.!! T- and
B-cell blasts were obtained stimulating 25 X 10° splenocytes in com-
plete medium containing either 5 pg/mL Concavallin A (ConA; Sigma-
Aldrich) or 10 pg/mL lipopolysaccharide (LPS; Sigma-Aldrich) for
5 days. CD8" T cells in resting conditions were obtained by removing
IL-2 from the culture medium.

Spectratyping analysis of TCR

The analysis was performed as described.!” Analysis of TCR VB11 family
representations in mTERT-specific bulk lymphocyte population was performed
by the use of a TCR V11-specific primer paired with a primer amplifying AJ41
region. This analysis allowed identification and sequencing of the CDR3 of the
high-affinity clone. Primers specific for the CD3 region were then used for
tracking the high-affinity TCR in the bulk population.

Cytofluorimetric evaluation of TILs

TILs were isolated by a mechanical separation followed by enzymatic
digestion with 300 U/mL DNase, 0.1% hyaluronidase, and 1% collagenase
buffer (Sigma-Aldrich). Cells were filtered through a 70-pwm sieve and
cultured with specific peptide in presence of IL-2 (20 IU/mL) for 18 hours.
Intracellular staining (ICS) for interferon-y (IFN-y) was performed as
described!! by use of the following antibodies: anti-mouse CD8 PercP,
anti-mouse VB8.1 FITC, anti-mouse VR11 FITC, or anti-mouse V13
FITC anti-mouse IFN-y PE monoclonal antibodies (mAbs). Cells were
analyzed on FACSCalibur (BD Biosciences).

Characterization of murine bone marrow and spleen cells

Bone marrow (BM) cells obtained from femur and tibia were harvested
from the diaphyses by flushing and from the epiphyses by bone crushing
and mincing in RPMI 10% fetal bovine serum (Invitrogen) and then filtered
through a 70-um nylon strainer.'® Spleens were prepared as described.!!
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Figure 1. Functional characterization of mTERTgg-205-specific T lymphocytes. (A) Recognition of different syngenic tumor cells by mTERT-specific bulk T cells after
repeated in vitro stimulations. T cells from different in vitro passages were incubated with an equal number of tumor cells for 24 hours and supernatants tested for released
IFN-vy by ELISA. (B) Comparison of functional avidity of mTERTgg.205-specific bulk CTLs with high- and low-avidity CTL clones. The functional avidity was evaluated in 5'Cr
release assay against MBL-2 target cells loaded with different mTERT19s.205 peptide concentrations at an effectors to target ratio of 10:1. (C) The mTERT-specific bulk T cells
(left), the high-avidity (middle), and the low-avidity (right) clones were tested at different effectors to target cells ratios for cytotoxic activity against several different murine tumor
cell lines by use of a 5'Cr release assay. The representative of 3 experiments is shown. (D) Therapeutic effectiveness of mMTERT 1gg.205-specific CTLs. ACT was performed by
the use of a melanoma metastatic model. Histograms show the mean + SD of percentage reduction in the number of pulmonary metastases for melanoma-bearing mice
inoculated with either mTERT-specific (polyclonal, high-avidity, and low-avidity) or B-gal-specific CTLs. Data are from 2 cumulative independent experiments. (Student t test:
polyclonal mTERT vs B-gal, P = .001; low-affinity mTERT vs B-gal, P = .001; high-affinity mTERT vs -gal, P < .001.)

A total of 5 X 10° cells/mL were stained with the following mAbs:
anti-mouse immunoglobulin M (IgM; p-chain specific)-FITC (Sigma-
Aldrich), PE rat anti-mouse CD43 (BD), and allophycocyanin anti-mouse
CD45R (B220; eBioscience) and analyzed by flow cytometry. Multistep
gating was performed by use of the following gates: cytogram scatter gate
to exclude debris and doublets (P1) and B220 gate on cells selected for
B220* positivity (P2). This approach enabled us to identify multiple stages
of B-cell development: pro-B cells (B220",CD43*, 1gM ™), pre-B cells
(B220*, CD43~, 1gM "), and naive B cells (B220*, CD43~, [gM*).1?

Blood cell enumeration

Hematologic counts were performed (ADVIA 120). Cells were labeled with
Anti-CD3 PerCP-CyS5, CD19 PE, DXS5 FITC, and CDS allophycocyanin-
Cy7 after RBCs osmotic lyses for FACS analysis.!® All antibodies were
from BD Biosciences. Quantitative determination of mouse immunoglobu-
lin was performed by the use of IgM and immunoglobulin G (IgG) ELISA
kits (Alpha Diagnostic International Inc).

Histologic evaluation of tumors and tissues in TRAMP mice

The urogenital tract was removed at necroscopy and prepared for patho-
logic evaluation: tissues were fixed in paraformaldehyde/lysine/periodate at
4°C, infiltrated with 30% sucrose in phosphate-buffered saline overnight at
4°C, and frozen in OCT. Cryosections were stained with a standard

hematoxylin and eosin and then evaluated by 2 pathologists blinded to the
treatment groups.?2! The presence of normal tissue, low-grade prostate
intraepithelial neoplasia (LG-PIN), high-grade PIN (HG-PIN), and adeno-
carcinoma was scored. The occurrence of poorly differentiated carcinomas
(PDCs) also was evaluated.

Several organs (liver, lungs, small and large bowel, kidneys, heart,
testis, brain, and spleen) were collected at the time of mouse death to assess
for possible treatment toxicity. Tissues were fixed in 10% buffered formalin
and embedded in paraffin. Histopathologic evaluation was performed on
standard hematoxylin-and-eosin sections.

Immunohistochemistry analysis of spleen B cells

Longitudinal sections of the spleen, close to the hilar region, were examined
to increase the amount of lymphoid tissue available for the assessment of
B cells. Cryosections were fixed in cold acetone washed in Tris-buffered
saline and incubated with a Background Sniper (Biocare Medical) before
the incubation with the rat anti-mouse CD45R Ab (BD Biosciences),
followed by the secondary Ab goat anti—rat IgG (Jackson ImmunoResearch
Laboratories). The staining was developed by incubation with Neutravidin
alkaline phosphatase-conjugated (Thermo Scientific) followed by the
Vulcan Fast Red (Biocare Medical) chromagen. Sections were finally
counterstained in hematoxylin, mounted in Eukitt (Bioptica) and examined

20 aunr 0 uo 3senb Aq Jpd'y2€1000 1 L008UZ/€866SYL/YLEL/LIS L L 4Pd-Bl0IE/POOIQ/ABU" SUOlEDlgNdysE//:dRy WOl papeojumo]



BLOOD, 18 FEBRUARY 2010 - VOLUME 115, NUMBER 7 TELOMERASE-BASED ADOPTIVE CELL THERAPY 1377

(o]

A hgp100,5.3; CTLs TRAMP-C2

25643586 % o T T 1004
| 4P o2 o
M15% H3414% 60 q#‘
40 20.16£5.19%
20
% 70 20 30 40 50 60 70
——p Vb13-FITC MCA203
P-Qalgg. 103 CTLs 1001
1584758% [ 80
- \ |
0 - 60
GL18% 28217% 40 39.122365%
= 20
2
o3
‘% 8 mcas
—— Vb3.1-FITC = 1004 r
m \ ‘
T T s
-~ &0
@‘ 40 2664 £2.08%
We21% 24247% 20
%
? 60 1C1
| 1004
CD45.2-PE —» Vb11-FITC ~ — IFNy-FITC 80 %
60 q
B C57BL/6 40 § 2168 £4.57%
100 1004 20
% 40
* ‘—g 80 IFN-FITC
60 60 —— [-galgg. 103 CTLs
40 @ 40 —— MTERT g5 595 CTLs
el
e ®
20 20
£
E o 0 L4
0 10 20 30 40 0 10 20 30 40
g R 2 ol ol == ﬁ‘galgs_"n CTLs
5 a9 —o— MTERT g5 205 CTLS
g o 1007 sy hgp1 0025.33 CTLs
=]
~ 8 = 80
i
60 S 60
40 (3 40
R
o 0 6 . ’
0 10 20 30 0 10 20 30
Days

Figure 2. ACT with mTERT1gg.205 CTLs is effective in several transplantable tumor models. (A) Evaluation of CTL ability to traffic to tumors. B16 melanoma cells were injected in
C57BL/6-CD45.1* mice. When the tumor area was ~ 10 mm?2, mice received hgp-100,s.33-, MTERT 19g.205-, O B-galgs.103—specific CTLs. At 4 days after transfer, tumors were harvested
for TIL analysis. Transferred CTLs were tracked as CD8%/CD45.2*" cells (left). CD8+/CD45.2" cells were then evaluated for the staining with specific mAbs for TCR V@ chain: anti-V38.1 for
B-galgs-103, anti-VR11 for mTERT 1gg.20s, and anti-V13 for hgp-100.5.33 CTLs (middle). The activation status of TILs was evaluated by ICS for IFN-y after ex vivo stimulation (right). Data are
mean = SD of 3 independent experiments. (B) Therapeutic effectiveness of ACT with the use of mMTERTgs.005-specific CTLs in a melanoma model. C57BL/6 mice (top) and
Rag-2~/~y,~/~mice (bottom) were implanted with B16 cells. Survival and tumor area are plotted from 3 cumulative experiments (n = 15). Mantel-Haenszel statistic analysis for survival: for
C57BL/6 model, hgp-100 vs B-gal, P = .001; mTERT vs -gal, P = .001; mTERT vs hgp-100, P = .16; for Rag-2~/~y, '~ mice, hgp-100 vs B-gal, P = .001; mTERT vs 8-gal, P = .001;
mTERT vs hgp-100, P = .29. (C) Therapeutic effectiveness of ACT by use of mMTERTgg.205-specific CTLs in 4 tumor models. C57BL/6 mice were implanted with TRAMP-C2, MCA203,
MC38, or TC-1 cells and treated as described in the melanoma model. TILs were evaluated by ICS for IFN-y after ex vivo stimulation (right). Survival from 3 cumulative experiments
(n = 15) is shown (left). Mantel-Haenszel statistics for mTERT vs B-gal comparison: C2-TRAMP, P = .027; MCA203, P = .001; MC38, P = .016; TC-1, P = .001. Transferred TILs were
tracked, and IFN-y and CD8 staining is shown on cells gated for CD45.2* T cells (right). Data are mean =+ SD of 3 independent experiments.

by 2 pathologists blinded to the treatment groups. The number of B cells
was evaluated by giving a score of positivity from 1 to 5 per field.

Results

Statistical analysis In vitro culture enriches high-avidity T lymphocytes specific for

The Wilcoxon Mann-Whitney U test was used to examine the null MTERT recognizing several syngenic tumor cells
hypothesis of rank identity between 2 sets of nonparametric data. The

Student  test was used to compare parametric groups. Kaplan-Meier plots

C57BL/6 mice were vaccinated with mTERT DNA plasmid, and

and the Mantel-Haenszel test were used to compare survival of mice. The
Fisher exact test was used to compare frequencies and analysis of variance
test for pairwise comparisons. P values are all 2-sided.

T cells specific for Kb-restricted, TERT epitope (mMTERT 95.205)
were enriched from splenocytes by stimulation with the pep-
tide.!* Specific recognition was determined by IFN-vy release.
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Figure 3. Therapeutic impact of mMTERT-based ACT on TRAMP mice. (A) Activated CTLs are able to traffic to prostate tumor. TRAMP mice were subjected to 3 consecutive
ACTs and, 4 days after last ACT, prostate tumors were harvested and stained to track either mTERT-specific (CD8"/VB11+) or -gal-specific(CD8*/VB8.1*) CTLs. IFN-y and
CD8 staining is shown on cells gated for specific VB expression. Data are mean = SD of 3 mice. (B) Representative histologic pictures of prostates of TRAMP mice treated with
either mTERT gs.205—specific (left) or control CTLs (right) at 24 weeks of age. Prostate in majority of mTERT-specific CTL treated mice is occupied by PIN-LG foci, showing
normal sized glands lined by few and flat layers of atypical cells. In control mice, PIN-HG—affected prostatic ductules appear enlarged and distorted by crowded intraluminal
papillae coalescing into cribriform structures (arrowheads). Numerous solid nests of adenocarcinoma (arrows) focally invade base membrane (see also insert; magnification:
top panels, X200; bottom panels, X400). The table summarizes the prostate areas occupied by different tumor lesions. Values are expressed as mean + SE. The incidence of
PDC also is indicated. Wilcoxon rank sum test: PIN-LG is more represented in TERT-specific CTL-treated animals (P = .001); PIN-HG is not statistically different;
adenocarcinoma (ADC) is more represented in B-gal-specific CTL-treated mice (P = .001). The incidence of PDC was evaluated with the Fisher exact test (P = .001).
(C) Overall survival of TRAMP mice undergoing ACT. Survival curves from TRAMP mice treated with either mTERT-specific (n = 9) or B-gal—specific (n = 10) CTLs are shown.

Kaplan-Meier analysis: mTERT vs 3-gal, P < .001.

Recognition of target MBL-2 cells, loaded with the mTERT
peptide, was detectable already ex vivo with the use of effectors
splenocytes isolated from immunized mice; however, recogni-
tion of TERT peptide naturally processed by syngenic tumor
cells, like TRAMP-C2 and B16, was acquired only after several
cycles of in vitro stimulation (Figure 1A). Two T-cell clones
derived from the bulk population were then isolated and
characterized. To have an accurate comparison of the overall
T-cell avidity, the 2 clones and the bulk T-cell population were
tested for the killing activity on MBL-2 cells loaded with
titrated amounts of TERT 95,05 peptide (Figure 1B). The CTL
killing curve placed the polyclonal bulk population exactly
between the 2 clones. Specific recognition of tumor cells
determined by lytic activity was then investigated (Figure 1C).
The high-avidity clone and the bulk population, although to a
lower extent, killed several epithelial (B16, TRAMP-C2,
TRAMP-C1, MC-38, and TC-1) and the mesenchymal (MC-
203) tumors, whereas cells derived from T-cell leukemias, like
MBL2 and EL-4, were not recognized (Figure 1C). The
low-avidity CTL could only recognize target cells engineered to
express the costimulatory molecule B7.1 on cell surface, as
previously shown for other low-avidity CTLs.!%!7 Comparable
results were obtained by the use of IFN-vy release assay to assess
the recognition patterns (data not shown). These results were
also confirmed in vivo in a metastatic B16 melanoma model
(Figure 1D). Pulmonary metastases were established by the

intravenous injection of B16 cells and, after 3 days, T cells were
transferred without any host preconditioning. The high-avidity
clone brought a reduction of more than 80% in the number of
metastases formed, the low-avidity clone reduced metastases by
only 30%, and the bulk population resulted in approximately
60% reduction.

The high-avidity anti-TERT clone was the natural candidate for
ACT experiments. However, all the mTERT-specific clones we
isolated experienced a growth crisis and could not be further
expanded. The bulk population instead could be maintained in
culture with the pattern and the strength of tumor recognition
basically unchanged for 24 months (supplemental Figure 1A,
available on the Blood website; see the Supplemental Materials
link at the top of the article). Molecular analysis by spectratyping of
the TCRs in the bulk T-cell population, after each stimulation cycle,
revealed a progressive accumulation of TCR V{311, sharing the
same CDR3 length of the high avidity clone (supplemental Figure
1B). Moreover, by quantitative polymerase chain reaction, by using
clonotypic primers designed on the basis of the high-avidity clone
(CDR3 sequence accession number EF52405),!7 we observed a
progressive expansion of this specific clonotype that accounted for
70% of the total TCR V11 present in the T-cell polyclonal line
(supplemental Figure 1C). This pattern was stable for 24 months of
continuous in vitro passages, indicating that the polyclonal CTLs
were functionally and molecularly stable.
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Figure 4. Immunopathology related to TERT-based A B

ACT: reduction of blood cells. (A) WBC counts in 8
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SD are shown for total WBCs, granulocytes, lympho- 6
cytes, and monocytes (nTERT n = 27; B-gal n = 22).
Wilcoxon rank sum testmTERT vs 3-gal: WBC, P < .001;
lymphocytes, P < .001; granulocytes, P = .09; mono-
cytes, P = .01. (B) Average values and SD for lympho- 3
cytes subpopulations analyzed by FACS are shown
(mTERT n = 10; B-gal n = 8). Wilcoxon rank sum test
mTERT vs B-gal: CD3*, P =.001; CD3-CD19", 1
P =.001; CD3*CD8*, P = .001; CD3"DX5*, P = .005.
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ACT with mTERT-specific CTLs controls tumor growth in
several transplantable models

Melanoma has been extensively used to validate ACT.?> We
compared the in vivo activity of mTERT-specific CTLs with an
example of successful ACT toward tumor-associated antigens, the
CTLs recognizing hgp-100 melanoma antigen (hgp-100,5.33) de-
rived from Pmel-1 TCR transgenic mice,?® whereas CTLs specific
for B-gal were used as a negative control. Melanoma-bearing mice
were lymphodepleted by nonmyeloablative irradiation, immunized
on the same day of ACT with a recombinant adenoviral vector
coding for the specific antigen, and given IL-2 afterward, as
previously established.?? After 4 days, TILs were isolated from the
melanoma mass and distinguished from recipient lymphocytes by
the expression of CD45.2 congeneic marker. From 15% to 25% of
CD8"-infiltrating T lymphocytes were CD45.2% (Figure 2A). The
TCR V@ chains of the various CTLs were known, and it was
therefore possible to track specifically transferred T cells in the
tumor mass. More than 90% of CD8*/CD45.2* T cells expressed
the expected TCR V@ chain, representative of the transferred
population (Figure 2A). Moreover, ICS for IFN-y showed that
T lymphocytes specific for the tumor antigens gpl00 and TERT
were responsive to antigen stimulation, whereas [3-gal-specific
lymphocytes were unresponsive (Figure 2A).

An equal delay in tumor growth and increased mouse survival
was achieved with the transfer of both gp100- and TERT-specific
CTLs (Figure 2B). The same therapeutic activity was observed in
Rag-27/~yc™'~ mice, which are genetically lymphodepleted and
therefore do not require any conditioning regimen before ACT
(Figure 2B).?* In summary, the therapeutic effect of TERT-based
ACT with polyclonal CTLs on melanoma-bearing mice was
basically indistinguishable from that of T cells possessing a
clonotypic TCR specific for a well-characterized melanoma antigen.

To address the relevance of anti-TERT ACT for tumors other
than melanoma, 4 additional transplantable models were evaluated.
TILs were analyzed by ICS for IFN-y by tracking transferred

lymphocytes by their TCR V@11 chain expression. T cells present
in the tumor mass showed a percentage of T lymphocytes respon-
sive to mTERT ranging from approximately 20% (TC-1) to 40%
(MCA-203). In all these models, significant prolongation of
survival was observed (Figure 2C).

Adoptive transfer of mTERT-specific CTLs controls tumor
progression in TRAMP mice

Tumors arising in genetically engineered mice are considered
suitable models for evaluating results transferable to a clinical
setting. The TRAMP mouse model is engineered to express SV40
large T antigens, preferentially in the prostate epithelium to de-
velop prostate tumors.!? We previously demonstrated that mTERT
is overexpressed in transformed prostates.'* Because the TRAMP
model is characterized by the continuous formation of new
cancerous lesions, ACT was repeated 3 times at 8, 13, and 18 weeks
of age. Nonmyeloablative irradiation regimen was performed
before each ACT. After the first 2 adoptive CTL transfer, mice were
also immunized with the antigen-encoding adenovirus and IL-2
was injected after all ACT. Transferred CTLs were monitored
within the tumor, 4 days after the last ATC. Activated T cells
producing IFN-y were found only in prostates of mice inoculated
with TERT-specific CTLs (Figure 3A). Pathologic evaluation and
image analysis of prostates, examined at 24 weeks of age, is shown
in Figure 3B. A total of 7.7% of prostate area is occupied by
adenocarcinoma in the group treated with mTERT-specific CTLs,
compared with 45.2% in those receiving the [3-gal-specific CTLs.
Moreover, only in 1 of 31 animals analyzed, a poorly differentiated
carcinoma was observed, whereas 14 of 32 had PDC in the control
group. On the contrary, LG-PIN areas, which represent early
lesions, were more numerous in prostatic tissue of mice treated
with mTERT-specific CTLs than in control group. It seems that in
this model ACT resulted in accumulation of very early lesions by
blocking their progression to more advanced tumors. A second
group of TRAMP mice was monitored till appearance of palpable
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Figure 5. B-cell reduction induced by TERT CTLs is transient. (A) BM B-cell subsets after ACT treatment. C57BL/6 mice (n = 6/group) received ACT, and BM was collected
5 days later. B220 staining identifies BM B cells (top). Wilcoxon rank sum test: $-gal vs mTERT, P = .005. B-cell subpopulations were then characterized (bottom) as follows:
pro-B: B220+/CD43*/IgM~; pre-B: B220/CD43/IgM~; naive B220*/CD43~/IgM™. Wilcoxon rank sum test: pro-B mTERT vs pro-B B-gal, P = .005. (B) Spleen B-cell subsets
after ACT treatment. C57BL/6 mice (n = 6/group) received ACT and spleens were collected 5 days later. B220 staining shows a profound B-cell depletion in mice treated with
TERT ACT. Wilcoxon rank sum test: B-gal vs mTERT, P = .002. Staining for expression of CD43 and surface IgM allowed characterization of B-cell subpopulations (pro-B:
B220%/CD43*/IgM~; pre-B: B220*/CD43~/IgM~; naive: B2207/CD43~/IgM™*). Wilcoxon rank sum test: pro-B mTERT vs pro-B B-gal, P = .005. (C) B220 staining of TRAMP
mice spleens by IHC. Spleens were collected at 24 weeks (nNTERT n = 18 and B-gal-n = 16) or at 40 weeks of age (nNTERT n = 6). Samples were scored for the B220
positivity with a scale from 1 to 5. Wilcoxon rank sum test: mTERT at 24 weeks vs (3-gal at 24 weeks, P = .007; mTERT at 40 weeks vs B-gal at 24 weeks, P = .8; mTERT at

40 weeks vs mTERT at 24 weeks, P = .05.

macroscopic tumor. A clear impact of mTERT-based ACT on
overall survival was observed (Figure 3C).

TERT-based ACT induces B-cell depletion

Mice treated by repeated ACT with mTERT-specific CTLs did not
show any clear symptom related to possible immune adverse
events. At 24 weeks of age, after 3 cycles of ACT, mice were
examined to enumerate blood cells and evaluate histomorphologic
changes in different organs. Red cell counts and hemoglobin were
within the normal range in both groups (data not shown). White
blood cell (WBC) counts were instead reduced in most of the mice
treated with mTERT-specific CTLs but not in mice receiving
control CTLs. The WBC reduction was mainly caused by de-
creased numbers of circulating lymphocytes (Figure 4A). The
absolute number of circulating T (CD3"), B (CD3-CD19"), and
natural killer (CD3"DX5") cells were affected by TERT-based
ACT and significantly reduced compared with controls (Figure
4B). However, the effect was more pronounced for B lymphocytes;
in fact, the relative numbers of T lymphocytes was even increased
compared with controls because of the prominent B-cell depletion
(supplemental Figure 2). The reduction in B cells did not compro-
mise the concentration of serum IgM and IgG antibodies (Figure
4C). A susceptibility of B cells to in vitro killing by CTL specific
for human (h)TERT was previously described.?> We thus tested the
ability of mTERT-specific CTLs to recognize and kill either

LPS-induced (B-cell) or ConA-induced (T-cell) blasts. To achieve
Iytic activity against normal activated B cells, a very high CTL-to-
target-cell ratio was required (200:1), but nevertheless specific lysis
of B-cell blast was observed whereas T cells were marginally
recognized (Figure 4D).

B-cell reduction induced by TERT CTLs is transient

To determine the long-term impact of ACT, the in vivo recovery
potential of B cells was evaluated. BM was obtained 5 days after
ACT. An important reduction of whole B cells identified by B220
marker was demonstrated in mice treated with mTERT-specific
CTLs (Figure 5A), whereas mice transferred with (3-gal-specific
CTLs showed instead a prompt B-cell recovery, reaching 5-day
postirradiation frequencies similar to untreated mice. To monitor
the regenerative B-cell activity, markers for B-cell subpopulations
were further analyzed.' A relative increase in very early B cells
precursors (pro-B) was observed 5 days after mMTERT-based ACT
compared with either 3-gal-based ACT or untreated mice, which is
indicative of compensative-cell repopulation (Figure SA). A similar
picture emerged from the analysis of the spleens in the same mice
(Figure 5B). Indeed, spleens obtained from 24-week-old TRAMP
mice receiving mTERT-based ACT showed a reduction of B220*
B cells and an altered architecture compared with control mice
(Figure 6). However, a complete recovery of the spleen B220"-cell
population and cytoarchitecture normalization were found in mice
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Figure 6. Imnmunopathology related to TERT-based ACT: tissue histology. (A) Both mTERT-specific (top) and B-gal-specific (bottom) CTL-treated mice did not show any
morphologic alteration of liver, kidney, small and large intestine, testis, lungs, and heart as assessed by histologic analysis. Liver sections from treated and control mice showed
typical polygonal arrangement of lobules. Portal triads were regularly distributed; neither portal nor centrolobular degeneration was present. Renal specimens of both
experimental groups showed normal renal cortex. There were no evidence of glomerular hypercellularity or an increase in thickness of capillary walls, nor was there flogosis or
fibrosis of tubulointerstitial compartment. Small (ileum) and large (colon) intestine sections appeared normal: there was no damage of the villous architecture or glandular
distortion, and there were no flogistic or fibrotic alterations of the lamina propria. In the testis of mMTERT-specific CTL-treated and control-treated mice, seminiferous tubules
were normal in size and number; there were no alterations of spermatogenic cell maturation. Healthy lung parenchyma from mTERT-specific CTL-treated and control groups
was composed by flat walled alveoli with interposed thin layer of connective tissue and normal bronchial tree. No pathologic alterations were found in heart: normal myocardium
composed of striated muscle fibers is shown. (B) Spleen of mTERT-specific CTL-treated mice showed impaired architecture respect to control samples: B-cell rich outer
compartment of periarteriolar lymphoid sheets (parentheses, BZ) had a reduced thickness of both follicular (FZ) and marginal zones (dashed lines, MZ). T-cell inner zone (solid

lines, TZ) was normal in both groups.

euthanized at 40 weeks of age (Figures 5C and 6A). With the
exception of the spleen, histomorphologic analysis of other tissues
did not show any remarkable alteration, even in tissues with high
cell turnover like the intestine and testis (Figure 6).

T lymphocytes specific for h\TERTggs.573 control in vivo
HLA-A2+ tumor growth and abolish neoplastic development
from human cancer stem cells

HLA-A2 transgenic mice were immunized with a plasmid encod-
ing hTERT, and immunogenic HLA-A2-restricted epitopes were
experimentally identified as described.?® The 3 hTERT immuno-
genic regions that were found corresponded to epitopes already
described (supplemental Figure 3A-C).252728 T cells specific for
the 2 epitopes hTERTg¢s.g70 and hTERTj3¢.35, showing the strongest
reactivity ex vivo (supplemental Figure 3D), were further enriched
from splenocytes through repeated peptide stimulations. Specific
recognition of 293 cells stably transfected with HLA-A2 molecule
(293-A2) and loaded with the relevant peptides was readily
demonstrated ex vivo (supplemental Figure 3C). However, re-
peated stimulation cycles were necessary for the selection of a
polyclonal T-cell population able to produce IFN-y when incubated
with a panel of human tumor cells lines. Whereas T cells reactive
against hTERTyg¢s.g7, epitope acquired this capacity, T cells recog-
nizing hTERT;( 33 never did (Figure 7A). Only prostate-derived
cells LnCap, deficient in the class I HLA heavy chain, were never
recognized. In agreement with mouse results, T cells specific for
hTERTgs5.g7, did not recognize acute T-cell leukemic lines TALL-1
and MOLT-3, HLA-A2* and HLA-A2", respectively. ACT with
hTERT-specific T cells was then performed in Rag-2~/~y.~/~ mice
engrafted with human HLA-A2* tumors (either SW480 colon

carcinoma or Burkitt lymphoma cell-line DG 75). Figure 7B shows
survival curves of mice injected subcutaneously with either SW480
or DG-75 tumor cells and passively transferred with hTERT-
specific CTLs. Prolonged survival and complete cure in some mice
were observed.

We finally asked whether hTERT recognition might also affect
the pool of cancer stem cells. Cancer stem cells were thus isolated
from colon adenocarcinoma surgical specimens.!! Cells were
characterized for hTERT expression by TRAP assay and for
HLA-A2 presence by FACS analysis. Two cancer stem cell
preparations having comparable levels of telomerase activity were
selected on the basis of HLA-A?2 positivity (Figure 7C). CTLs were
transferred on the same day of cancer stem cell inoculation to
verity the efficacy of active immunotherapy directly on cancer stem
cell tumorigenicity. HLA-A2 tumor stem cells did not grow in any
of the mice treated with the hTERTg45.g73-specific CTLs, whereas
the hTERT; 3g-specific CTLs were unable to control tumor devel-
opment (Figure 7D). The selectivity of the immune attack was
further demonstrated by the observation that in vivo growth of the
HLA-A2-negative cancer stem cells could not be prevented by
hTERTg5.g73-specific CTLs (Figure 7D).

Discussion

ACT represents, at the moment, the most promising immuno-
therapy approach for cancer treatment.?’ Telomerase is a tumor-
associated antigen with features making it particularly attractive for
ACT: it is shared among several tumor types, plays a key role in
sustaining cancer progression, and is associated with a poor
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Figure 7. Functional characterization of HLA-A2-restricted CTLs specific for hTERT. (A) hTERT CTLs were analyzed after 10 cycles of stimulation with either
hTERTges.s73 Or hnTERT30.38 peptides. Recognition of HLA-A2 tumor cells by hTERT-specific T cells. Polyclonal CTLs specific for hnTERTggs.573 and hTERT30.35 epitopes were
tested both in IFN-y ELISA (left) and in 5'Cr release assay (right). 293-A2 cells were pulsed with the hTERT peptides as positive control or with HER-2/neussg.377 peptide as a
negative control. Data are mean + SD of 3 independent experiments. (B) Therapeutic effectiveness of ACT by use of hTERTgss.s73-specific CTLs. Rag-2~/~y,~/~ mice were
implanted with either SW480 or DG-75 tumor cells and when tumor area was ~10 mm?, either hnTERTggs.g73-specific or hnTERT30.3s-specificCTLs were injected. Data are the
summary of 3 cumulative experiments (n = 15/group). Mantel-Haenszel statistics: hnTERTggs.573 VS hTERT30.35, P < .001. (C) Characterization of cancer stem cells isolated
from colon adenocarcinoma surgical specimens. Telomerase activity was measured by TRAP assay (left). Dilutions of TRAP products were loaded on 10% polyacrylamide gel.
Hl indicates heat-inactivated samples. Expression of HLA-A2 was analyzed by FACS after staining with anti-human HLA-A2 mAb or isotype control (right). (D) Cancer stem
cells are in vivo target of hTERTggs.g73-specific CTLs. Survival curves of Rag-2~/y.~/~ mice implanted with CTSC12 (HLA-A2-) or CTSC13 (HLA-A2*) cells. Mice were then
injected with either hTERTggs.873-specific or hTERT30.3s-specific CTLs. Data are from 3 cumulative experiments (n = 5/group). Mantel-Haenszel statistics: CTSC 12:
hTERTges.s73 Vs hTERT30.38, P = .43; CTSC 13: hTERTggs.573 Vs hTERT30.38, P < .001.

prognosis.’®3! During the past years, several authors®3? have identity. Androgen-independent tumors do not respond to treat-
shown that TERT is immunogenic both in vivo and in vitro, and  ments, and prognosis has not truly changed in the last 50 years.3*

clinical trials®” based on hTERT vaccination have been started in As anticipated from mouse studies on melanoma antigens,> it
patients with advanced cancer. Experimental data have conclu- was expected that therapeutic benefits by TERT-based ACT could
sively shown that cancer vaccination is safe but the overall impact  be associated with immunopathology and autoimmunity. Mice
on established tumors needs to be improved. We recently described  treated with repeated ACT of TERT CTLs did not show any clear
that DNA-based vaccination in TRAMP mice prevented the symptom related to possible immune adverse events. At 24 weeks
progression to adenocarcinoma but had no effect on the incidence  of age mice did not show relevant changes of tissues architecture,
of PDC and a modest influence on the overall survival.'* On the even in the case of tissues with a high proliferative capacity like the
contrary, we describe here, for the first time, that ACT with intestine, the only exception being the spleens where an altered
anti-TERT CTLs has a dramatic effect on both PDC appearance cytoarchitecture was noticed in most of treated mice. These
and mouse survival (Figure 4). This finding is relevant for human findings related to the reduced WBC counts with predominant
pathology. It is more and more evident, in fact, that PDC in  B-cell depletion, also confirmed by spleen immunostaining for
TRAMP mice resembles the human androgen-independent prostate ~ B220-positive cells. It was surprising that side effects were limited
cancer,'%3? which cannot be considered a simple progression from  to B cells, given the widespread expression of mTERT in mice.
the adenocarcinoma but it might represent a distinct nosologic ~ B-cell progenitors are indeed very sensitive to low doses of the
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preparative irradiation and undergo very rapid regeneration shortly
thereafter to repopulate BM.3¢ B-cell homeostatic proliferation,
different from T cells, is independent from antigen binding and
driven by environmental factors.?”-3¥ At the time of ACT, B cells are
in an explosive regeneration phase, likely with very high levels of
telomerase turnover and thus become a favorite target of the
immune attack. Moreover, a greater susceptibility of activated
mouse and human B cells, compared with activated T cells, to
telomerase-specific CTLs was shown here in vitro. All these
observations suggest that the major factor determining expression
of TERT peptides on cell surface and susceptibility to the immune
attack is likely not the steady-state level of telomerase expression
but telomerase turnover, ultimately linked with the proliferative
activity. Thus differences in TERT expression between human and
mice may be not so crucial, and a similar outcome is likely to occur
in humans as in mouse experimental models. Moreover, if any-
thing, the wider expression of telomerase in mouse tissues would
pose greater concerns about immune tolerance than in humans.

In agreement with a prolonged activity of adoptively transferred
CTLs, TERT-specific but not B-gal-specific CTLs could be de-
tected 6 weeks after last ACT (supplemental Figure 4). However,
complete B-cell repopulation of the spleens was demonstrated, in a
group of ACT-treated mice, 22 weeks after the last TERT-based
ACT (Figure 5). On the whole, these data suggest a long-lasting
immune destruction of intermediate B cells with high proliferative
rate but also a complete recovery of the B-cell compartment after a
few months. However, B-cell counts in the blood might actually
provide a surrogate marker to monitor the effectiveness and
duration of TERT-based ACT in cancer patients. Despite the lack of
mature B cells, however, both IgM and IgG remained within the
normal range in mice receiving TERT-based ACT. Moreover,
B-cell very early progenitors, as all other normal hematopoietic
stem cells, were not destroyed and actually initiated a new wave of
expansion, already 5 days after ACT. Consistent with our data,
when B-cell depletion is obtained by anti-CD20 antibody therapy,
the long half-life of serum antibodies maintains steady-state levels
of circulating antibodies, and infection-related problems occur
quite rarely in the clinic.?

To address the question about human tumor susceptibility to
anti-TERT ACT, CD8* T cells specific for hTERT were obtained in
HLA-A2 transgenic mice after active immunization with DNA
coding for hTERT. T cells capable of lysing human tumors,
including a Burkitt lymphoma, were obtained with hTERTggs 572
peptide but not with other TERT-derived peptides. A crucial
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requirement for an effective cancer therapy concerns cancer stem
cell resistance to treatment. Cancer stem cells have the greatest
proliferative capacity and are, potentially, the favorite target for
anti-TERT immune attack. Data with HLA-A2-restricted CTLs
suggest that TERT-based ACT has certainly the potential to
recognize and destroy the pool of cancer cells endowed with
stemness, eliminating cells that might survive other forms of
therapy, such as chemotherapy and radiotherapy.

Data presented here are supportive of a broad clinical applica-
tion of TERT-directed ACT, on the basis of the effectiveness on
many tumor histotypes and the induction of a temporary autoim-
mune depletion of B cells as main side effect. Therapeutic activity
against the human Burkitt lymphoma DG-75 also opens to
additional developments. These findings, in fact, suggest that the
selective effect on B cells might be further explored either in mice
that develop autochthonous lymphomas or in human B-cell lympho-
mas grown in immunodeficient mice.
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