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Purpose: Human telomerase reverse transcriptase (hTERT) is
highly expressed in >85% of human tumors and is thus
considered as a good tumor-associated antigen candidate for
vaccine development. We conducted a phase I study to inves-
tigate the safety, tolerability, clinical response, and immuno-
genicity of INVAC-1, a DNA plasmid encoding a modified
hTERT protein in patients with relapsed or refractory solid
tumors.

Patients and Methods: INVAC-1 was either administered by
intradermal route followed by electroporation or by Tropis, a
needle-free injection system. Safety and tolerability were moni-
tored by clinical and laboratory assessments. Progression-free
survival and overall survival were reported using Kaplan-Meier
survival analysis. Immunogenicity was studied by ELISpot, Lumi-
nex, and Flow Cytometry.

Introduction

Human telomerase reverse transcriptase (hTERT), the catalytic
subunit of the telomerase complex, is highly expressed in more than
85% of human tumors from diverse phenotypes and associated with
poor prognosis (1-6), with little or no expression in normal somatic
cells (7). hTERT expression and activity are associated with main-
tenance of telomere length and play a role in the unlimited
proliferative capacity of cancer cells. Telomerase overexpression
in tumor cells results from promotor mutations, chromosomal
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Results: Twenty-six patients were treated with INVAC-1 admin-
istered at three dose levels (100, 400, and 800 pg). Vaccination was
well tolerated and no dose-limiting toxicity was reported. One
treatment-related grade 3 SAE was reported. Fifty-eight percent of
patients experienced disease stabilization. PFS was 2.7 months, medi-
an OS was 15 months, and 1-year survival was reached for 65% of
patients. INVAC-1 vaccination stimulated specific anti-hTERT CD4
T-cell response as well as cytotoxic CD8 T-cell response. No evidence
of peripheral vaccine-induced immunosuppression was observed.

Conclusions: INVAC-1 vaccination was safe, well tolerated, and
immunogenic when administered intradermally at the three tested
doses in patients with relapsed or refractory cancers. Disease stabi-
lization was observed for the majority of patients (58%) during the
treatment period and beyond.

See related commentary by Slingluff Jr, p. 529

rearrangements, or increased MYC gene expression, all of which
are part of the oncogenic process. Although telomere elongation is
the major function of hTERT, it also impacts cell proliferation,
resistance to apoptosis, and invasion. Novel molecular functions
including transcriptional regulation and metabolic reprogramming
have been attributed to hTERT, making this protein a central
regulator of many of cancer hallmarks (8). Targeting hTERT, either
with inhibitors or through immunotherapy may therefore have the
potential to eliminate tumor cells including cancer stem cells as
numerous studies have shown that cancer stem or stem-like cells
also overexpress hTERT (9-11). In patients with cancer, it was
shown that hTERT overexpression led to presentation of hTERT
peptides at the surface of tumor cells, thus triggering a natural anti-
hTERT immune response by breaking self-tolerance (12).
Therapeutic hTERT vaccines have raised great hope for cancer
immunotherapy because of their potential to stimulate tumor cell
killing by enhancing the activity of telomerase-specific CD8 T
cells (13-15). Different vaccination strategies were developed includ-
ing cellular approaches, such as autologous antigen-presenting cells
(APC - dendritic cells or B lymphocytes) loaded with hTERT peptides
or transduced with hTERT mRNA (16). Several studies were also
performed to develop hTERT peptide vaccines containing motifs that
either bind to class I or IT molecules (17-20). Findings from early
clinical trials of hTERT peptide vaccines in patients with cancer
showed immunologic responses in >50% of the patients tested with
promising clinical outcomes and favorable toxicity profile (16, 21).
INVAC-1 is a DNA plasmid encoding a modified, enzymatically
inactive, hTERT protein (22). The N-terminal part of the protein,
which includes the nucleolar localization sequence, was replaced by an
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Translational Relevance

INVAC-1 is a DNA plasmid encoding a modified human
telomerase reverse transcriptase (WTERT) protein devoid of cata-
Iytic activity. hTERT can be regarded as a universal tumor-
associated antigen for anticancer therapies as it is highly expressed
in more than 85% of human tumors, with little or no expression in
normal somatic cells. Given intradermally at increasing doses in
association with electroporation or by Tropis, a needle-free injec-
tion system, INVAC-1 was well tolerated in patients with advanced
solid tumors. The majority of treated patients displayed prolonged
disease stabilization, allowing treatment duration for up to
9 months. Moreover, INVAC-1 triggered anti-hTERT specific
CD4 and CD8 T-cell responses. Given its safety profile, encour-
aging clinical response and immunogenicity, there is a strong
rationale for evaluating INVAC-1 as a monotherapy or in com-
bination with other therapies including checkpoint inhibitors,
preferably in patients with adequate immune function. A phase
II clinical trial using INVAC-1 is ongoing.

ubiquitin moiety to force its degradation and enhance peptide pre-
sentation, thus improving hTERT-specific immune responses induc-
tion. These modifications were introduced to make INVAC-1 a safe,
potent, and unique immunotherapy drug potentially able to induce
both helper CD4 and cytotoxic CD8 T-cell responses for a better
antitumor immune response (23-25).

Primary pharmacodynamics, safety pharmacology, and toxicology
studies, including biodistribution and local tolerance in animal mod-
els, showed that INVAC-1 was enzymatically inactive, immunogeni-
cally safe, and well tolerated. In murine models, we demonstrated that
INVAC-1 was able to induce hTERT-specific cellular immune
responses with CD4" Th1 effector and memory CD8" T cells. In a
HLA-A2 spontaneous mouse sarcoma Sarc-T2r model, INVAC-1
vaccination was able to slow tumor growth and increased survival
rate by 50% in tumor-bearing mice (22).

On the basis of these encouraging preclinical results, we conducted a
first-in-human (FIH) study, 2-centre, phase I, open-label, 3 + 3
escalation design and multiple dose study examining the safety and
tolerability of INVAC-1 administered at three dose levels (100, 400,
and 800 pg) in 26 patients with relapsed or solid refractory tumors.
INVAC-1 was administered either by intradermal (ID) injection
followed by electroporation (EP) using Cliniporator2 (20 patients) or
by Tropis Needle Free Injection System (NFIS; 6 patients), which was
shown to effectively deliver peptide, DNA and RNA vaccines (26, 27).
After validation of NFIS device by bridging pharmacodynamics and
local biodistribution studies in naive dogs in comparison with EP (data
not shown), 6 additional patients were enrolled in this phase I study to
explore the safety, tolerability, and pharmacodynamics properties of
INVAC-1 administered with NFIS/Tropis.

We show here that INVAC-1 vaccination was safe and well tolerated
when administered ID (either with EP or by Tropis) at the three tested
doses in patients with relapsed or refractory cancers. INVAC-1 elicited
both hTERT-specific CD4 and CD8 T-cell responses with no vaccine-
induced immunosuppression. Patients with overall survival (OS) >1
year showed a significantly higher hTERT immune response after
INVAC-1 vaccination compared to patients with OS <1 year. Finally,
although this difference was non-significant, estimated median OS in
INVAC-1 immune responders was 17.4 months versus 7 months for
nonresponders.
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Patients and Methods

INVAC-1 plasmid

INVAC-1 is a covalently closed, circular, and supercoiled double-
stranded DNA plasmid of 7,120 bp encoding a modified, enzymatically
inactive hTERT protein (22). The modified hTERT sequence was
synthesized by GeneCust and subcloned into the NTC8685-
eRNA41H-HindIII-Xbal vector backbone designed by Nature Tech-
nology Corporation. INVAC-1 plasmid was amplified through an
antibiotic-free selection procedure in NTC4862 E. coli cells (DH50
attA::Ps/6 6/6-RNA-IN-SacB, catR). GLP and GMP batches of INVAC-1
were manufactured by Eurogentec at a final concentration of 2 mg/mL
in D-PBS.

INVAC-1 administration

INVAC-1 was administered to the first 20 patients by intradermal
injection combined with EP using the Cliniporator2 following local
anesthesia at the site(s) of injection. In parallel, Tropis NFIS from
PharmaJet Inc. was evaluated in 6 additional patients. Tropis injection
system has obtained the CE Mark clearance in Europe and is currently
validated in several clinical trials in the United States as an investi-
gational device.

Study design and vaccination schedule

This study was a FIH, phase I, open-label, classical 3 + 3 escalation
design investigating multiple dosing of INVAC-1 as a single agent in
patients with relapsed or refractory solid tumors presenting progres-
sive disease (#NCT02301754). An extension cohort of 11 patients was
opened at the maximum tested dose to confirm safety and pharma-
codynamics data in a larger set of patients. Six additional patients were
also treated at the maximum tested dose using Tropis device. The trial
was performed at two study centers in France (Hopital Saint Louis and
Hopital Européen Georges Pompidou) from November 2014 to June
2018.

Three INVAC-1 dose levels (100,400, and 800 L1g) were evaluated in
sequential cohorts of patients. All patients had a diagnosis of advanced
or metastatic solid tumors relapsed or refractory to standard treatment
(progressive disease).

INVAC-1 was prepared at fixed dose of 100, 400, or 800 Lig.
Depending on the dose level, single (100 pg) or multiple sites (400
and 800 pug) were injected (arms and thighs, except the left arm in case
of EP).

Each patient was scheduled to receive INVAC-1 for 3 sequential
cycles (day one of 28-day cycle) unless motivated treatment interrup-
tion. Doses were escalated in the absence of dose-limiting toxicity
(DLT) during the first two cycles of treatment. However, in case of
good tolerance and provided a positive opinion of the Data Safety
Monitoring Board, treatment could be prolonged for a maximum
duration of 6 additional cycles.

Inclusion criteria

Patients aged >18 years with a diagnosis of advanced or metastatic
solid tumors relapsed or refractory to standard treatment, with life
expectancy >4 months and Eastern Cooperative Oncology Group
(ECOQG) performance status <1 were enrolled. Patients needed to
have healthy skin surface (for ID administration of INVAC-1 asso-
ciated with EP) and adequate bone marrow, renal, liver, and cardiac
functions.

Safety monitoring and clinical study procedures

Adverse events (AE) meeting the following definition occurring in
the first two cycles of treatment (up to 28 days after second dose)
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should be classified as DLT: grade 4 neutropenia lasting >7 days, febrile
neutropenia (defined as neutropenia >grade 3), neutropenic infection,
grade >3 thrombocytopenia with bleeding, grade 4 thrombocytopenia
lasting >3 days, grade 4 anemia, grade >3 hemolysis, or any grade >3
nonhematologic toxicities. The MTD was the dose at which no more
than one patient out of six experienced DLT.

AEs were documented and recorded at each visit using the NCI's
Common Terminology Criteria for Adverse Events (CTCAE) ver-
sion 4.03 and coded at the time of the analysis using the Medical
Dictionary for Regulatory Activity (MedDRA) version 18.1.
Patients were followed for AEs for 28 days after the last treatment
administration or until all drug-related toxicities had resolved,
whichever the latest.

Tumor imaging was obtained through CT scanning every 8 weeks
during INVAC-1 treatment. Tumor response was assessed using
RECIST (version 1.1) adapted to immune response (28, 29). Best
overall response was defined as the best tumor response (complete
response, partial response, stable disease, or progressive disease)
observed and confirmed after a second observation not less than
4 weeks apart.

Plasma inflammation markers (TNFao, [FNYy, IL17, IL8, IL6, IL1B)
were analyzed using multiple cytokine analysis (Luminex). Anti-
nuclear (ANA), anti-DNA, and anti-thyroid peroxidase antibodies
were monitored.

Peripheral blood samples were collected for immune monitoring
analysis before and at different time points after vaccination. T and B
lymphocytes as well as natural killer (NK) cells’ absolute counts were
determined by flow cytometry in K2-EDTA blood samples. Peripheral
blood mononuclear cells (PBMC) were purified by Ficoll-Hypaque
density gradient and freshly used for further analysis or frozen and
stored in liquid nitrogen.

IFNy ELISpot

To measure specific CD4 T-cell responses induced after vaccination,
we used a mixture of 8 highly promiscuous HLA-DR and HLA-DP4-
restricted peptides derived from hTERT (30, 31). Patients were HLA-
typed and anti-hTERT CD8 T cells responses were evaluated in HLA-
matched patients by using mixtures of hTERT-derived peptides
restricted either to HLA-A2 (4 peptides), HLA-B7 (4 peptides),
HLA-A24 (3 peptides), or HLA-A3 (1 peptide) according to the
haplotype of patients (32). All hTERT-derived peptides were pur-
chased from JPT.

CD4 and CD8 T-cell immune responses were analyzed by ELISpot
IFNY assay. Briefly, PBMCs were cultured for 9 days with hTERT-
derived peptide mixtures (5 pug/mL) in the presence of IL7 (5 ng/mL,
Peprotech) and IL2 (20 UI/mL, Peprotech) in RMPI medium supple-
mented with 5% human serum (SH-PBMO06, EFS-Besan¢on;
refs. 30, 33). Cells were then harvested, washed, numerated, and
seeded in ELISpot 96-well microplates (10> cells/well - triplicates)
and stimulated again with peptide mixtures for an additional 15 hours.
IFNYy-secreting cells [i.e., spot-forming cells (SFC)] were revealed
according to the manufacturer's instructions (Diaclone) and counted
using the ELISpot ImmunoSpot, S6 Ultra-V Analyser (Cellular Tech-
nology Ltd.). The number of specific T cells, expressed as SFC per 1 x
10° cells, was calculated after subtracting unstimulated control values.
PMA (100 ng/mL) and ionomycin (10 ng/mL) were used as positive
control. Responses were considered as positive when: at least 10 IFNy
SECs were counted and a 2-fold or greater increase above background
levels was measured (34). For patients with preexisting CD4 T hTERT-
specific immune response, increase >1.5-fold baseline value was
considered as relevant.

590 Clin Cancer Res; 26(3) February 1, 2020

Cytokine analysis

Cytokine production in response to hTERT peptides stimulation in
ELISpot assay was measured using Bio-Plex Pro Human Cytokine
17-plex assay (Bio-Rad) and Luminex technology (Bio-Rad). ELISpot
culture supernatants were analyzed in duplicates for secretion of the
following cytokines: G-CSF, GM-CSF, IL13,1L2,1L4,IL5,1L6, IL7, IL8,
IL10, IL12 (p70), IL13, IL17A, MCP-1 (MCAF), MIP-1p3, and TNFo
according to the manufacturer's instructions.

Flow cytometry analysis

PBMCs were stained for viability and incubated with antibodies
(Supplementary Table S1). For monocytic myeloid-derived suppressor
cells (M-MDSC) and immune checkpoint molecule staining, cells were
then washed and immediately analyzed on a Canto II Flow Cytometer
(Becton Dickinson). For Treg staining, cells were washed, fixed/
permeabilized with eBioscience FoxP3 staining buffer set according
to the manufacturer's instructions (eBiosciences, #00-5523-00), and
stained with FoxP3 antibody. After one wash, cells were analyzed on a
Canto II Flow Cytometer (Becton Dickinson).

Study approval

The study protocol, all amendments, and informed consents were
approved by the French Competent Authority and by one of the
French independent ethics committee (IEC), the Comité de Protection
des Personnes. The study was conducted in accordance with the
protocol, applicable local regulatory requirements and laws, as well
as the general principles set forth in the International Ethical Guide-
lines for Biomedical Research Involving Human Patients (Council for
International Organizations of Medical Sciences 2002), Guidelines for
Good Clinical Practice [International Conference on Harmonization
1996 (ICH GCP)], and the Declaration of Helsinki (World Medical
Association 2008). All participants provided written informed consent
upon enrolment in the study.

Statistical analysis

Statistical analysis of clinical parameters was performed using
GraphPad Prism software. The time-to-event endpoints were
described using Kaplan-Meier methods measured from the date of
first dosing (35). Primary set analysis and safety analysis were per-
formed on the modified intention-to-treat population.

Statistical analysis of immune monitoring parameters was
performed using GraphPad Prism software with either Wilcoxon
nonparametric matched paired signed rank test or Mann-Whitney
nonparametric unpaired U test.

Results

Study population

A total of 26 patients (out of 41 patients screened) identified as
disease progressors were included and received at least two cycles of
INVAC-1. Three patients were treated with INVAC-1/EP at each dose
level of the escalation phase (100, 400, and 800 p1g) and 11 patients were
treated in the 800 Lg EP extension cohort (Supplementary Fig. S1). Six
additional patients were treated at 800 g with Tropis NFIS. Diagnoses
were mainly infiltrating ductal breast carcinoma triple negative
(5 patients), endometrial adenocarcinoma (4 patients), and metastatic
colon cancer (3 patients; Supplementary Table S2).

Of the 26 patients treated, 8 patients (31%) received only two cycles
and therefore discontinued before cycle 3 for objective disease pro-
gression or health status requiring treatment discontinuation. The
other 18 patients (69%) received at least the scheduled three cycles of
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INVAC-1 Dose level

EP 100 pg EP 400 pg EP 800 pg Tropis 800 pg Overall

Characteristics n=3 n=3 n =14 n==6 (N = 26)
Gender

Female n (%) 2 (66.7) 2 (66.7) 7 (50.0) 4 (66.7) 15 (57.7)

Male n (%) 1(33.3) 1(33.3) 7 (50.0) 2 (33.3) 1 (42.3)
Age (years)

Mean (SD) 59.0 (10.1) 57.3 (14.4) 57.5 (13.6) 52.5 (13.3) 56.5 (12.7)

Med (range) 57 (50-70) 49 (49-74) 60 (31-74) 52 (34-67) 58 (31-74)
Disease duration (months)

Mean (SD) 59.4 (53.8) 29.7 (17.1) 58.8 (47.2) 71.4 (88.3) 58.4 (55.8)

Median (range) 34.5 (22.5-121.1) 37.5 (10.1-41.6) 42.5 (9.3-162.4) 33.9 (15.3-244) 39.0 (9.3-244)
Tumor with distant metastasis

1Line 1(33.3) 0 (0.0) 170 3(50.0) 5(19.2)

2 Lines 0 (0.0) 1(33.3) 4 (28.6) 1(16.7) 6 (23.0)

>3 Lines 2 (66.7) (66.7) 9(64.2) 2 (33.3) 15 (57.7)
ECOG score

0 3 1 9 1 14

1 0 2 5 5 12

treatment. As a result of an apparent benefit of the treatment (based on
stabilization of target lesions evaluated by CT scan), 11 of them (42%)
received additional cycles (up to 9 cycles for 2 patients).

At the start of the treatment, all patients had progressive disease and
median disease duration since diagnosis was 39 months (range, 9.3-
244 months). All patients had received at least one line of chemo-
therapy treatment prior to enrolment in the study and the majority
(57.7%) had received more than 3 treatment lines (Table 1).

Safety

Increasing INVAC-1 doses did not increase study treatment-
related AEs, suggesting there was no more deleterious effect at 100 pg
than at 800 pg. Moreover, there were no more treatment-related AEs
when patients received more than one cycle of treatment (12 AE) than
after a single cycle (13 AE), suggesting that there was no cumulative
adverse effect of INVAC-1 (Supplementary Table S3).

No death was reported within 28 days after the last dose of study
treatment whatever the number of cycles the patient received (up to 9
cycles). The most common study treatment-related AEs were fatigue

(16 AEs occurring in 8 patients) and AEs related to EP (17 AEs: burns,
scars, skin erosion, pruritus, erythema). All patients recovered from
these EP-related AEs without sequelae and continued with treatment
cycles. In the Tropis cohort, no reaction at injection site was reported
(Table 2). Eleven grade 3 AEs were reported for 5 patients but only one
was considered as related to the study treatment (lymph node abscess).
This event, occurred after cycle 4, was declared as serious and led to
treatment discontinuation. It resolved without treatment after the end
of patient participation in the study (Table 2; Supplementary
Table S3). Five SAEs were reported. Only the lymph node abscess
was considered as related to study treatment.

ECG analysis did not show any conduction abnormality or QT
prolongation that would be considered as related to the study treat-
ment. There were no clinically relevant morphological ECG changes
from baseline throughout the study. Vital signs mean values reported
during the study were all normal.

There were no clinically significant changes in laboratory para-
meters over time except for CRP, gamma GT, and ALP, mainly due to
one or few patients with high to very high value related to their disease

Table 2. Number of patients reporting the most frequent AE by grade regardless of causality (AE reported for at least 10% of patients).

Grade 1 Grade 2 Grade 3 Overall

Injection site reaction 13° 42 0 172
Gastrointestinal disorders

(Diarrhea, constipation, pain, vomiting...) 15 4 0 19
General disorders

Fatigue 8 8 0 16
Blood and lymphatic system disorders

Lymphopenia and lymphocyte count decrease 9 3 0 12

Anemia 4 2 1 7
Respiratory disorders

Cough 6 1 0 7
Metabolic disorders

AESI: Hyperglycemia 5 1 0 6

Note: Patient may have experienced the same AE several times and may have encountered different AEs. Grade is the maximum reported per patient for the AE.

20nly occurred in EP cohort.
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conditions. Some patients displayed mild hyperglycemia. Consequent-
ly, hyperglycemia was followed as an AE of special interest (AESI). Six
patients (23.1%) experienced 16 hyperglycemia events, consisting of a
mild increase of fasting glucose above the upper normal range
(maximum observed value 7.9 mmol/L vs. 5.9 mmol/L; Table 2).
None of these events was associated with marked changes in HbAlc,
thus showing no evidence for a role of INVAC-1 in pre-diabetes
development. All hyperglycemia events were grade 1 except one grade
2 related to Olimel infusion. All events resolved within a month. Most
of the cases were considered as not related to INVAC-1 (11/16).
Therefore, these hyperglycemia episodes were not considered as a
safety signal.

No significant biological sign of autoimmunity was reported except
for one patient who was positive for anti-TPO antibodies at baseline
and displayed biological signs of hyperthyroidism after 3 cycles of
treatment. Another patient, who also had anti-TPO antibodies at
baseline, presented a progressive decrease of anti-TPO titers until
normalization at the end of treatment (EOT). No other significant
modification of circulating auto-antibodies was observed.

Plasma levels of inflammatory cytokines (TNFa, IFNYy, IL17, IL8,
IL6, IL1P) were evaluated at defined time points according to study
protocol (baseline, day 2, and day 8 of cycle 1 and EOT). No significant
modification of IFNYy, IL17, IL8, IL6, and IL1P concentrations was

—e— 800 pg —— 400 pg

observed at any time point. In contrast, a significant increase of TNFou
level was observed in samples collected at EOT as compared with the
other time points. No biological sign was correlated to this TNFa.
increase.

Absolute cell counts of B, T, CD4, and CD8 lymphocytes as well as
NK cells were determined by flow cytometry every 2 weeks from
baseline to EOT and remained stable in all patients throughout the
study (data not shown).

Overall, the study showed that INVAC-1 administration by ID
injection either with EP or by NFIS was safe and well tolerated for each
dose cohort. One patient presented a grade 3 SAE that would have met
DLT criteria except for occurring after cycle 4. Thus, according to
protocol's definition, no DLT was observed in patients receiving
escalating doses of INVAC-1. Consequently, no MTD was defined.

Best overall response

Overall, the majority of patients (58%, 15 patients) experienced
disease stabilization for 1.8 to 9.9 months, including all patients in the
100 pg dose cohort, 2 patients (67%) in the 400 g cohort, and 10
patients (50%) in the 800 pg (7 in the EP arm, 3 in the Tropis arm). The
median SD duration was 2.7 months and, interestingly, 4 of 15 (26.7%)
patients showed SD for more than 6 months (Supplementary
Table S4). No complete regression (CR) could be observed but two

100 pg
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Figure 1.

Spider plot representing percentage change in tumor size from baseline in each subject by month. PD, progressive disease; SD, stable disease; PR, partial regression.
Each dose cohort is represented: 100 ug (light gray line, n = 3), 400 ug (gray line, n = 3), and 800 pg EP + Tropis (black line, n = 20).
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patients of the 800 Lg cohort presented unconfirmed partial regression
(PR), one after 2 cycles of INVAC-1 (tumor size -31%) and the second
after 4 cycles of treatment (tumor size -35%). However, these tumor
responses could not be confirmed by the subsequent CT scan eval-
uation (Fig. 1).

The Kaplan-Meier estimated median progression-free survival was
2.7 months [95% confidence interval (CI), 1.8-3.7 months]. OS
information up to 45 months was recorded across all dosage cohorts.
During this observational period, 17 patients of 26 (65.4%) died from
their disease. The Kaplan-Meier estimated median OS was 15 months
(95% CI, 9.8-29.3). Estimated 1-year survival rate reached 65.4% (SE:

Figure 2.

Characterization of anti-hTERT immune
responses in response to INVAC-1 vac-
cination in 24 patients for all cohorts
(100, 400, and 800 ng). A, Frequency of
CD4 responding patients at baseline
(black bar) and after vaccination (gray
bar). B, Anti-hTERT CD4 and CD8 T-cell
responses at baseline and after vacci-
nation. After vaccination, each patient's
best response was shown. CD4 (left)
and CD8 (right) T-cell responses are
represented; line represents IFNy SFC
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9.3; Supplementary Fig. S2). Populations were homogeneous between
patients who survived to one year and those who did not and no
difference in age, sex, or ECOG status were observed (Supplementary
Tables S2 and S5). Interestingly, 3 patients with triple-negative breast
carcinoma, enrolled after 2 or 3 lines of treatment, presented an OS >1
year (15,25.9,and 25.5 months, respectively; Supplementary Table S2).

Pharmacodynamics

To evaluate INVAC-1 vaccination ability to elicit T-cell immuno-
genicity, hTERT-specific CD4 and CD8 T-cell responses were mea-
sured by IFNYy ELISpot after 9 days of prestimulation in 24 evaluable
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patients. As no dose effect of INVAC-1 on the magnitude of immune
response was observed in the different cohorts (data not shown), data
from all doses were pooled. After INVAC-1 administration, we
observed a specific anti-hTERT CD4 T-cell response in 15 of 24
patients (63%; P = 0.0007), of which 10 had spontaneous CD4 T-
cell responses against hTERT at baseline (Fig. 2A). All patients
presenting an anti-hTERT CD4 response at baseline showed an
increased (8/10) or sustained (2/10) response after vaccination. Thus,
INVAC-1 vaccination was able to enhance preexisting reactive T-cell
clones as well as trigger de novo anti-hTERT CD4 immune response in
33% of responding patients (Fig. 2B, left). The majority of patients
mounted an anti-hTERT CD4 T-cell response following the second or
third vaccination. These results suggest that additional boosts (>3) are
not formally required for the induction of an anti-hTERT CD4
response after vaccination (data not shown). Five patients (out of
20 evaluable, ie., HLA-A2, A3, A24, and/or B7 patients) exhibited
specific CD8 T-cell responses (Fig. 2B, right; P = 0.002). Interestingly,
all vaccine-induced anti-hTERT CD8 T-cell responses were associated
with concomitant anti-hTERT CD4 T-cell responses (data not shown).

Regarding polarization of the specific anti-hTERT CD4 immune
response, a multiplex bead assay was used to analyze production of 17
cytokines in ELISpot culture supernatants. As a consequence, due to its
capture by ELISpot plate, IFNy was not measured. Cytokine secretion
analysis was combined with IFNy ELISpot results (according to CD4
responder/nonresponder status) and demonstrated no significant
difference in production of G-CSF, IL1, IL4, IL5, IL6, IL7, IL8, IL10,
IL12 (p70), IL17A, MCP-1, and MIP-1f3 between CD4 responders and
nonresponders. In contrast, CD4 T-cell responders showed signifi-
cantly higher secretion of IL2 (P = 0.016) and TNFa. (P = 0.008)
compared with nonresponders. CD4 hTERT-specific responders also
showed a significant higher production of GM-CSF (P = 0.008),
cytokine known to promote DC licensing, compared with nonrespon-
ders. Finally, secretion of IL13, a Th2 cytokine known to promote B
cells function and growth, was significantly higher in CD4 hTERT-
specific responders (P = 0.008; Fig. 2C). As hTERT-specific CD4 T
cells were shown to produce IFNYy by ELISpot and no elevation of IL4,
IL5, or IL6 Th2 cytokines could be observed, these data suggest that
INVAC-1 vaccination induced a mixed Th1/Th2, Thl dominant
hTERT-specific CD4 immune response as well as cytotoxic CD8 T-
cell response.

Finally, phenotyping of CD4 and CD8 T-cell subsets revealed that
INVAC-1 treatment did not modify CD4 or CD8 T-cell subset
distribution (naive, memory, effector memory) nor immune check-
point molecule (PD-1, TIM3, or TIGIT) expression at their surface
(Supplementary Fig. S3). To identify any immunosuppression induc-
tion, circulating tolerogenic subpopulations such as M-MDSC and
Treg lymphocytes were studied on 19 and 16 evaluable patients,
respectively. INVAC-1 had no effect on M-MDSCs, whereas the Treg
subpopulation was found significantly lower at EOT compared with
baseline [1.2% (SD: 0.3522) vs. 3.6% (SD: 1.482), P = 0.0186; Fig. 3].
Circulating M-MDSC and Treg frequencies at baseline were analyzed
according to patients’ responder/nonresponder status and showed no
significant difference between responders and nonresponders neither
for Tregs nor for M-MDSCs, suggesting that frequency of these
populations in peripheral blood at baseline did not influence vaccine
efficacy (data not shown).

Correlation between clinical response and anti-hTERT immune
response

Interestingly, when comparing hTERT-specific CD4 T-cell
responses at a fixed time point after only 2 cycles (prime/boost) of

594 Clin Cancer Res; 26(3) February 1, 2020

A 15-

_ °
S 104
O °
(2] [ ]
fa] % ... °
z s % S
= ceo °
[ ] .. PY ——
Toee To T ‘.. o O%o0®
o.~_¢_n.p_°qn_tq.-_
Bsl D1C2 D1C3 D1C4 EOT
B 15, z
.
—~ 104
9
> .
2 .
Fog5| e .
..’ ° ®o0 Y °
_?._ agat O == oo
0° o o0° o0 °
8 % °
(] T 1° T T
Bsl D1C2 D1C3 D1C4 EOT

Figure 3.

Circulating immunosuppressive cell populations’ characterization. A, Peripheral
blood monocytic MDSC characterization. Raw peripheral blood proportion
(%; black line represents mean for each time point). Monocytic MDSCs (M-
MDSC) were defined as Lin~ CD33* HLADR°*/~ CD14* CD1lb* cells. B,
Peripheral blood Treg lymphocyte characterization. Raw peripheral blood
proportion (%; black line represents mean for each time point). Tregs were
defined as CD3" CD4* FoxP3* CD25"9" CD127°" cells. *, P < 0.01, Wilcoxon
nonparametric matched pairs signed rank test.

INVAC-1, patients who survived more than one year showed a
significantly higher hTERT specific CD4 T-cell response than patients
whose OS was less than one year (P = 0.034; Fig. 4A). Moreover post
hoc analysis of the OS by subgroups according to the presence or
absence of anti-hTERT CD4-specific T-cell response showed a non-
significant difference with a longer estimated median OS for respon-
ders compared with nonresponders [17.4 (12.4-29.3) vs. 7.0 months
(3.0-), P = 0.48; Fig. 4B].

Discussion

Several clinical trials have evaluated the efficacy of hTERT-related
vaccines against a variety of tumors (14, 15). Peptide vaccines are
immunogenic and easy to produce but are HLA-restricted and there-
fore cannot be used to treat all patients. In contrast, DNA vaccines are
not HLA-restricted and can be presented by both MHC-Iand MHC-II,
thus triggering a broader immune response. Nevertheless, the cellular
uptake of DNA is quite low and numerous studies focused on
improving this uptake by different techniques. EP has indeed been
shown to dramatically enhance DNA uptake by APC (36, 37). In this
FIH phase I study in patients with advanced cancers, we evaluated
INVAC-1, a DNA plasmid encoding an engineered hTERT protein
modified to increase its safety and antigen presentation by APC.
INVAC-1 was delivered either by intradermal injection followed by
EP or by NFIS/Tropis. We previously showed in dogs that Tropis
device was safe and as effective as intradermal injection followed by EP
at generating T-cell immune responses against TERT (unpublished
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Figure 4.

Correlation between clinical response and anti-hTERT immune response. A,
Anti-hTERT CD4 T-cell response after 2 cycles of INVAC-1 (prime/boost)
according to 1-year survival. Mean of triplicate is plotted for each patient with
0OS < 1 year (black circle, n = 7) and OS > 1 year (black square, n = 17); line
represents IFNy SFC mean. Positivity threshold (>10 SFC/10° cells) is repre-
sented by dotted line. *, P < 0.05, Mann-Whitney nonparametric unpaired
signed rank test. B, Overall survival (45 months) according to CD4 responder
versus nonresponder status. Solid line, CD4 responders; dashed line, CD4
nonresponders; median survival (months) for each group is indicated.

data). Here, we confirmed in humans that INVAC-1 ID administra-
tion with Tropis is immunogenic and able to elicit h TERT-specific
CD4 and CD8 immune responses in patients. This represents a great
improvement for patient care as administration by Tropis is easy to
perform, reliable, and precise. Moreover, this system is cost-effective
and brings increased comfort for patients with lower pain and better
local tolerance (compared with EP).

CD4 and CD8 T-cell responses elicited by DNA vaccination were
shown to be essential for efficient antitumoral immune responses.
Although CD8 T cells are directly involved in antitumor cytotoxic
responses, CD4 Th1 responses also seem to play an important role for
optimizing the antitumor immune response in vivo (38). Although
DNA vaccines are known to trigger strong CD8 T-cell responses, anti-
hTERT specific CD8 T-cell responses were detected in 25% of patients
in our study, whereas 63% of patients presented CD4 T-cell responses.
One hypothesis to explain these results would be that peptides used to
detect CD4 responses in ELISpot were based on “universal” promis-
cuous epitopes (30, 31, 33), whereas HLA-matched peptides used to
detect CD8 T-cell responses were more specific and less immunogenic
and thus could not allow CD8 T responses to be detected in as many
patients as CD4 T-cell responses.

Some studies have reported that vaccination could induce immu-
nosuppression and impaired cellular responses (39, 40). Such sup-
pression resulted from MDSC and/or Treg induction, which express
elevated levels of IL10. In this study, INVAC-1 vaccination did not
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modify circulating M-MDSC subpopulation frequency and even
induced a significant decrease of circulating Treg subpopulation.
Moreover, cytokine responses after antigen stimulation revealed no
significant difference in IL10 secretion. Thus, by triggering anti-
hTERT Thl-polarized CD4 T-cell response as well as CD8 cytotoxic
response without immunosuppression induction, INVAC-1 demon-
strated strong immunogenicity in patients enrolled in this study.

To our knowledge, despite a good induction of anti-hTERT specific
T cells (>50% in the majority of the studies), all phase I clinical trials
involving hTERT vaccination reported disease stabilization for less
than 50% of evaluable patients (15, 16). Only two studies evaluating
either a peptide-based (41) or a DC-loaded (42) based vaccine reported
72% (16/22 patients) and 67% (4/6 evaluable patients) of patients
presenting stable disease after 3 months follow-up. In this phase I study
conducted in advanced cancer patients all showing progressive disease
atinclusion, we observed a similar induction of anti-hTERT immunity.
Importantly, although no CR or confirmed PR could be observed,
stabilization was achieved in 58% of patients, for up to 9.9 months.
However, this better stabilization rate is balanced by a lower SD
median duration (2.7 months), compared with several other
studies (43, 44).

Finally, this study showed that after only two cycles of INVAC-1,
specific anti-hTERT immune response was significantly higher in
patients who survived to one year. When analyzing OS according to
hTERT responder versus nonresponder status, our results showed a
nonsignificant tendency toward prolonged OS for patients presenting
a CD4 hTERT immune response compared with nonresponders
(17.4 vs. 7 months) whatever their immune status at baseline (pre-
existing anti-hTERT immune response or not), thereby providing
encouraging data for INVAC-1 vaccine.

In conclusion, INVAC-1 was demonstrably safe and well tolerated
as a single ID treatment in patients with advanced solid tumors.
Despite the absence of CR or confirmed PR and the low specific CD8
T-cell response, the good induction of hTERT-specific CD4 T-cell
responses and disease stabilization rate supports further clinical
evaluation of INVAC-1. In this study, enrolment did not target any
specific cancer and diseases were already metastasized for approxi-
mately two thirds of patients. Indeed, the enrolled patients were heavily
pretreated, mainly beyond second or third line of treatment. Moreover,
these patients were affected by histologic types of cancers known to be
poor immunotherapy responders (except for mesothelioma). There-
fore, we are of the opinion that targeting a specific indication with high
telomerase expression at an earlier stage or with minimum residual
disease should lead to greater clinical efficacy. A phase II study
evaluating INVAC-1 in chronic lymphocytic leukemia patients with
minimal residual disease is currently ongoing and further phase II
studies evaluating early-stage solid tumors are to be started soon.
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