
A phase 1 trial of human
telomerase reverse transcriptase
(hTERT) vaccination combined
with therapeutic strategies to
control immune-suppressor
mechanisms

Nahid Zareian1, Oleg Eremin2†, Hardev Pandha3, Richard Baird4,
Vineet Kwatra1, Gabriel Funingana4, Chandan Verma2,
Desmond Choy1, Steven Hargreaves5, Pejvak Moghimi6,
Adrian Shepherd6, Dileep N. Lobo2,7, Jennifer Eremin2,
Farzin Farzaneh1*, Shahram Kordasti1‡ and James Spicer1‡

1School of Cancer and Pharmaceutical Sciences, King’s College London, London, United Kingdom,
2Nottingham Digestive Diseases Centre, NIHR Nottingham Biomedical Research Centre, Queen’s
Medical Centre, Nottingham University Hospitals NHS Trust and University of Nottingham,
Nottingham, United Kingdom, 3Department of Microbiology and Cellular Sciences, University of
Surrey, Guildford, United Kingdom, 4Cancer Research UK Cambridge Centre, Cambridge,
United Kingdom, 5Research Department of Pathology, UCL Cancer Institute, Faculty of Medical
Sciences, University College London (UCL), London, United Kingdom, 6The Institute of Structural and
Molecular Biology (ISMB), Birkbeck, University of London, London, United Kingdom, 7MRC Versus
Arthritis Centre for Musculoskeletal Ageing Research, Queen’sMedical Centre, School of Life Sciences,
University of Nottingham, Nottingham, United Kingdom

Abstract

The presence of inhibitory immune cells and difficulty in generating activated

effector T cells remain obstacles to development of effective cancer vaccines.

We designed a vaccine regimen combining human telomerase reverse

transcriptase (hTERT) peptides with concomitant therapies targeting

regulatory T cells (Tregs) and cyclooxygenase-2 (COX2)-mediated

immunosuppression. This Phase 1 trial combined an hTERT-derived 7-

peptide library, selected to ensure presentation by both HLA class-I and

class-II in 90% of patients, with oral low-dose cyclophosphamide (to

modulate Tregs) and the COX2 inhibitor celecoxib. Adjuvants were

Montanide and topical TLR-7 agonist, to optimise antigen presentation. The

primary objective was determination of the safety and tolerability of this

combination therapy, with anti-cancer activity, immune response and

detection of antigen-specific T cells as additional endpoints. Twenty-nine

patients with advanced solid tumours were treated. All were multiply-

pretreated, and the majority had either colorectal or prostate cancer. The

most common adverse events were injection-site reactions, fatigue and

nausea. Median progression-free survival was 9 weeks, with no complete or

partial responses, but 24% remained progression-free for ≥6months.

Immunophenotyping showed post-vaccination expansion of CD4+ and
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CD8+ T cells with effector phenotypes. The in vitro re-challenge of T cells with

hTERT peptides, TCR sequencing, and TCR similarity index analysis

demonstrated the expansion following vaccination of oligoclonal T cells with

specificity for hTERT. However, a population of exhausted PD-1+ cytotoxic

T cells was also expanded in vaccinated patients. This vaccine combination

regimen was safe and associated with antigen-specific immunological

responses. Clinical activity could be improved in future by combination with

anti-PD1 checkpoint inhibition to address the emergence of an exhausted T cell

population.
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Impact statement

Difficulty in generating activated effector T cells and the

presence of inhibitory immune cells are obstacles to development

of tumour vaccines. hTERT is overexpressed in >90% of

malignancies. We conducted a Phase 1 trial, in which patients

with different multiply-pretreated solid tumours were vaccinated

with an hTERT-derived 7-peptide library, with a novel adjuvant

strategy, selected to ensure presentation by both HLA class-I and

class-II in 90% of a European population. Adjuvants were

Montanide and topical TLR-7 agonist, to optimise antigen

presentation. Oral low-dose cyclophosphamide, to modulate

regulatory T cells, was combined with celecoxib to block

cyclooxygenase-2-mediated immunosuppression. The primary

objective was determination of vaccine/adjuvant safety and

tolerability, with immune response and detection of antigen-

specific T cells as exploratory endpoints. This vaccine was safe.

The data demonstrates the induction of immunological

responses, including clonal expansion of hTERT reactive

T cells and clinical disease stabilisation for over 6 months in a

quarter of these therapy-resistant patients.

Introduction

Immune therapy of cancer using vaccination strategies has

had limited success to date, due to low immunogenicity of

selected antigens, poor stimulation of effector T cells, and

incomplete tumour specificity. Human telomerase reverse

transcriptase (hTERT) is expressed at elevated levels in >90%
of human tumours [1–3], and offers a potential target for active

vaccination mediated immune therapy of cancer. Recognition of

hTERT peptides by αβ T cells is HLA-restricted, requiring the

selection of subsets of patients with specific HLA haplotypes (e.g.,

HLA-A2) in previous hTERT vaccination studies. In order to

maximise eligibility for vaccination, we chose to use an hTERT

peptide library compatible with multiple HLA haplotypes. This

library was predicted to be suitable for direct presentation by at

least one HLA class-I and one HLA class-II allele in over 90% of a

European population [4–6]. The uptake and processing of long

peptides, which involves the active uptake, processing and

presentation of such peptides by the professional antigen

presenting cells, require no HLA-selection [7]. No long

peptides were included in our hTERT library.

The selected hTERT library consisted of seven peptides

identified as immunogenic self-antigens that are predicted to

bind directly, without intracellular processing, to common HLA

proteins (4 to class I and 3 to class II) [8–12]. These were

subsequently confirmed to have a high binding affinity to the

predicted HLAs.1 We also used a novel adjuvant strategy.

Adjuvants employed were Montanide (ISA-51 VG), a water-

in-oil emulsion composed of a mineral oil and a mannide mono-

oleate surfactant, injected intradermally with the peptide library.

In addition, imiquimod, an agonist for toll-like receptor 7 (TLR-

7) was applied topically, in order to stimulate innate and acquired

immune responses [13]. Each 3-weekly dose of vaccine was

preceded by oral low dose cyclophosphamide (50 mg twice

daily for the first 10 days of each cycle), in order to reduce

immune suppressive regulatory T cells (Tregs) and myeloid

derived suppressor cells (MDSCs) [14–17]. A cohort of

15 patients also received celecoxib, to inhibit cyclooxygenase-2

(COX-2), with the intention of suppressing pro-tumourigenic

prostaglandin levels. This trial is the first step in a strategy termed

“Combined Adjuvants for Synergistic Activation of Cellular

immunity” (CASAC) [18, 19].

The aim of this study was to investigate the safety of this

vaccine, and also to assess whether it could induce an antigen-

specific cell-mediated immune response in a cohort of patients

with advanced, therapy resistant solid tumours. Multi-

dimensional immunophenotyping and T cell receptor (TCR)

sequencing analysis were used to assess the specificity and

magnitude of post-vaccination immunological responses.

1 http://www.syfpeithi.de/
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Materials and methods

Trial design

We conducted a Phase 1 clinical trial in patients with

advanced metastatic solid tumours for whom further standard

therapy was unavailable or not suitable. This was an open label,

fixed dose trial (see trial flow chart, Supplementary Figure S1).

The primary objective of the study was to assess the safety and

tolerability of the vaccine and associated therapy. Secondary

objectives were to document vaccination-mediated stimulation

of antigen-specific cellular immune responses (CD4+/CD8+

T cell), and to assess any clinical evidence of anti-tumour

activity. The trial was approved by the Medicines and

Healthcare products Regulatory Agency (EudraCT Number

2014-003025-18). Patients were recruited and treated at three

UK cancer centres.

Patients

Eligible patients were aged ≥16, had histologically proven

solid cancer, prior anti-cancer treatment completed ≥4 weeks
previously, with no further suitable anti-cancer therapy option

being available, and with a WHO performance status ≤2.
Excluded comorbidities were autoimmune disorders, ongoing

immune-suppressive therapy including steroids, central nervous

system malignancies (primary and secondary), coronary artery

disease, other major cardiac disease (documented left ventricular

ejection fraction <50%), poorly controlled hypertension

(diastolic >100 mmHg), and requirement for anticoagulation.

Trial treatment

Patients received 10 days of oral cyclophosphamide (50 mg

twice daily orally on days 1–10), followed by the hTERT peptide

vaccination emulsified in the Montanide adjuvant delivered

intradermally on day 15 of 3-weekly cycles, and topical

imiquimod (Meda Pharmaceuticals, Stockholm, Sweden). Of

the 29 patients recruited, 15 were allocated non-randomly to

receive additional continuous daily oral celecoxib, provided there

was no contra-indication to receiving non-steroidal anti-

inflammatory drugs. Seven GMP grade peptides were

synthesised (4 class-I hTERT peptides: designated p324/325,

p611, p865, p973; and 3 class-II hTERT peptides: p672, p766,

p1123; designation numbers signify amino acid residue in the

full-length hTERT protein; American Peptide Company,

Sunnyvale, CA, United States) and transferred to a GMP

facility (Rayne Institute, King’s College London), where

peptides were formulated as a mixture at equimolar

concentrations (10 μg/mL). The hTERT peptide sequences,

frequency of HLA linkage (haplotype population prevalence),

and their avidity scores (SYFPEITHI database for MHC-peptide-

prediction, University of Tubingen, Germany1) are listed in

Supplementary Figure S2. These hTERT peptides bind with

high affinity to specific HLA molecules; the vaccine was

designed to permit the presentation of at least one Class-I and

one Class-II peptide by the HLAs present in >90% of patients.

Immediately prior to vaccination, the seven peptides in 1 mL

phosphate buffered saline were thawed and emulsified at the

bedside by mixing with 1 mL Montanide ISA-51 VG. The

emulsion was injected intradermally (2 mL) at multiple sites,

at each injection site with a volume of 0.1–0.2 mL, in a 5 cm ×

5 cm area of the anterior abdominal wall. New vaccination sites

were used for each subsequent cycle. Patients received up to

8 cycles of vaccination in the absence of tumour progression or

intolerable toxicity. Patients considered to be benefiting from

treatment were allowed to continue beyond eight cycles.

Patient evaluation

Patients were clinically assessed at baseline and every cycle

for disease symptoms and treatment-related adverse events.

This included analysis of blood samples for renal and liver

function tests, full blood count and, where relevant, tumour

markers. Serial CT scans performed every 3 cycles were used

to evaluate measurable disease. A sub-set of patients

underwent additional intradermal injections (100 μL) of

peptide mixture only (without either Montanide adjuvant

or imiquimod) in cycles 1, 3 and 6 to investigate delayed

type hypersensitivity (DTH) responses. Peripheral blood

samples were collected from patients prior to, during and

post-vaccination, to characterise patients’ cellular immune

response to vaccination.

Immunophenotyping

Frozen peripheral blood mononuclear cells (PBMCs) were

used for immunophenotyping [Supplementary Material

(materials and methods)]. To assess the specificity of the

response to vaccine peptides, cells obtained from HLA-A0201

patients were challenged in vitro with the hTERT peptide library

overnight, in the absence of any adjuvants but in the presence of

protein transport inhibitor GolgiPlug (BD Biosciences,

Erembodegem, Belgium). An irrelevant WT1-derived HLA-

A0201-presented peptide 126–134 (RMFPNAPYL, referred to

as RMF), served as a control. Cells were subsequently fixed,

permeabilised, and stained with a selection of antibodies specific

to T cells, regulatory T cells, T cell degranulation, T cell

activation, immune check-points, T cell apoptosis markers

and cytokines: CD3, CD8, CD4, CD45RO, CD127, CD25,

CD107a, CD137, CD69, CD154, CD95, TCR Vd2g9, FoxP3,

HLA-DR, CTLA-4, PD-1, TIM-3, IL-2, TNF-α and IFN-γ.
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Ex vivo T cell stimulation assay

Patients’ PBMCs were subjected to two weekly cycles of ex

vivo stimulation in culture, in the presence of hTERT peptides at

70 μg/mL in X-Vivo 15 (Lonza, Bioscience) to allow more

detailed immunopenotyping of antigen-specific lymphocyte

populations. These cultures were supplemented with 5 ng/mL

of interleukins (IL)-4 and -7 on the first and second day. The

culture was maintained for 2 weeks with addition of fresh

medium, containing 40 IU/mL IL-2 (Peprotech, London,

United Kingdom), every second day. After 2 weeks, genomic

DNAwas extracted for TCR-β chain analysis by high-throughput
sequencing.

TCR-β chain sequencing

DNA was extracted (Qiagen’s DNeasy mini-columns,

QIAGEN Inc., Germantown, MD, United States) from PBMC

either without in vitro stimulation or after two rounds of hTERT

peptide stimulation over 2 weeks. All TCR-β characterisation was
performed by Adaptive Biotechnologies Corp (Seattle, WA,

United States), using the ImmunoSEQ TCR-β human assay

[Supplementary Material (materials and methods)].

Statistical analysis

The analyses of statistical significance of the differences

between groups (pre- and post-vaccination) were performed

using the Brown-Forsythe test. All other tests, unless

otherwise indicated, were performed using the Student’s t-test.

A p-value ≤ 0.05 was considered statistically significant. For the

statistical analysis of TCR-β chain similarity index, all Hamming

distances were calculated for each of the pairwise patient-

combinations [20]. The average and the standard deviation

values for Hamming distances were calculated to generate

standard error.

Results

Safety and anti-tumour activity

Twenty-nine patients with different solid tumour types

underwent vaccination (Table 1). All patients had received

prior systemic therapy, in many cases multiple lines of

treatment; no further standard therapy was available or

considered suitable. The study treatment was generally very

well tolerated and almost all treatment-related adverse events

were low grade (≤2). The most common events were injection

site reactions, fatigue and nausea (Table 2). Erythema and limited

cutaneous induration confined to the vaccinated area was

commonly seen, usually maximal after 1 week and gradually

fading thereafter. Two patients experienced a hypersensitivity

reaction at the vaccination site with a much more marked area of

localised oedema and overlying erythema, associated with

pruritis. These patients were withdrawn from the study. No

other treatment discontinuations due to treatment-related

toxicity occurred. In the subset of patients who received

intradermal injections of peptide only (without the Montanide

adjuvant) no DTH responses were observed, so the injection site

reactions were likely to be due to the use of adjuvant. There were

no RECIST radiological or tumour marker responses. Seven

TABLE 1 Summary of patient characteristics.

Tumour (n = 29)

Colorectal 12

Prostate 5

Lung 2

Pancreas 2

Breast 2

Oesophago-gastric 2

Cervix 1

Mesothelioma 1

Ovary 1

Renal 1

Age (median, rage) 62 (35–74)

Male 66%

Female 34%

Characteristics of twenty-nine patients with different solid tumour types that

underwent vaccination.

TABLE 2 Treatment-related adverse events.

n (%) Grade 1/2 Grade 3

*Injection site reaction 14 (45%)

Fatigue 7 (23%)

Nausea 5 (16%)

Diarrhoea 3 (10%)

Lymphocytopenia 3 (10%)

ALP elevation 1 (3%) 1 (3%)

Anaemia 2 (6%)

Anorexia 2 (6%)

Weight loss 2 (6%)

Adverse events reported as related to study medications in more than one patient.

No grade 4 events were observed.

ALP, alkaline phosphatase.

*Injection site reaction includes erythema, oedema, pruritis and discharge.
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patients (24%) had disease that remained stable for at least

6 months after trial initiation.

Post-vaccination immune phenotyping of
patient PBMCs (immune response
to vaccine)

We first used screening with conventional flow cytometry,

using a limited number of antibodies (CD3, CD8, CD107a,

CD137, TNF-α, IFN-γ, and IL-2) to identify potential T cell

responses following vaccination. Sufficient serial PBMC samples

were obtained from 24 patients enrolled in the trial for

immunophenotyping. We characterised changes in immune

cell populations of un-challenged PBMCs from patients

following vaccination. The proportions of both memory CD4+

and CD8+ T cells (CD45RO+) were significantly higher in the

post-vaccination samples (p = 0.01 and p = 0.04, respectively;

data not shown).

We then re-challenged cells ex vivo with hTERT, or an

irrelevant peptide as control. The proportions of both CD4+

and CD8+ cells expressing cytokines IL-2 (p = 0.01, p = 0.02),

TNF-α (p = 0.03/p = 0.02) and IFN-γ (p = 0.03/p = 0.02)

increased significantly compared to pre-vaccination levels in

response to re-challenge with hTERT, but not in response to

the irrelevant peptide.

Deep immunophenotyping analysis of
unchallenged/challenged patient samples

To further analyse the phenotype of T cells following

vaccination, with and without hTERT rechallenge, we used a

multi-colour flowcytometer with the capacity to analyse

20 markers [using multidimensional flow cytometry with a

panel of 17 markers (CD3, CD8, CD4, CD45RO, CD127,

CD25, CD107a, CD137, CD69, CD154, CD95, TCR Vd2g9,

FoxP3, HLA-DR, CTLA-4, PD-1, TIM-3, TNF-α, IFN-γ and

IL-2)]. (BD FACSymphony™ flowcytometer), as well as an in-

house automated clustering algorithm for analysis of

multidimensional flowcytometry data2 as described in

Supplementary Material (Materials and Methods). Initially,

various clusters of CD8+ and CD4+ T cells were identified in

unchallenged samples by visualization of t-distributed stochastic

neighbour embedding (viSNE).

We have then used downstream clustering methods to

determine the detailed phenotypes of the expanded T cells

post-vaccination in both the unchallenged state and following

in vitro re-challenge of the PBMC, respectively. In the

unchallenged PBMC, expanded CD4+ T cells expressed

significantly higher levels of activation markers after

vaccination, including CD154 (p = 0.01), HLA-DR (p =

0.006), CD107a (p = 0.005) as well as the exhaustion marker

PD1 (p = 0.01), and Fas marker CD95 (p = 0.007); exhausted

CD4+ T cells display reduced production of effector cytokines

such as TNF-α and IFN-γ and increased Fas death

markers (Figure 1).

Similarly, post-vaccination CD8+ T cells expressed

significantly higher levels of activation markers including

CD154 (p = 0.02) and CD107a (p = 0.008), as well as Fas/

CD95 (p = 0.01). While the number of Tregs was decreased post-

vaccination (CD4+, CD25high, CD27low), this decrease did not

reach statistical significance (Figure 1C).

hTERT specificity of T cell response

After in vitro overnight stimulation with hTERT, or an

irrelevant peptide as control, the proportions of both CD4+

and CD8+ T cells expressing cytokines IL-2 (p = 0.01, p =

0.02), TNF-α (p = 0.03/p = 0.02) and IFN-γ (p = 0.03/p =

0.02) increased significantly in response to re-challenge,

compared to pre-vaccination levels (Figure 2), but not in

response to the irrelevant peptide (Supplementary Figure S3).

There were no changes in NK, γδ T cell or Treg populations

following vaccination (Supplementary Figure S4).

To confirm these findings and to eliminate any bias,

automated unsupervised clustering PhenoGraph was applied

independently and it further confirmed these observations in

both unchallenged (Figure 1B) and the in vitro re-challenged

(Figure 2C) PBMC samples. Unsupervised clustering

PhenoGraph has identified a cluster of cells, the phenotype

of which has altered after vaccination. Subsequent statistical

analysis of these cell clusters showed that the frequency of some

of these cell clusters changed after vaccination. The most

notable of these changes is a significant increase in the

population of activated memory CD8+ T cells in the

unchallenged PBMCs (Figure 1B). A further overnight

in vitro stimulation of the PBMCs with the hTERT peptides

present in the VAPER vaccine identified additional populations

of T cell subsets with significantly enhanced antigen-specific

activation markers in both memory CD4 and CD8 T cells as

presented in Figure 2. The re-challenged cells also expressed

significantly higher cytokines TNF-α, IFN- γ and IL-2 after

vaccination. In contrast with the phenotype of T cells exposed

to hTERT peptides ex vivo, stimulation with the irrelevant

peptide RMF did not result in CD8+ or CD4+ T cell

expansion, nor was there an increase in T cell subsets

displaying activation, memory or apoptotic markers in the

post-vaccination samples (data not shown). This suggests

that expansion after vaccination was substantially

hTERT-specific.2 Available at: https://github.com/kordastilab/cytoClustR
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The antigen specificity of expanded T cells

TCRVβCDR3 sequencing of patients’ T cells was performed,

pre- and post-vaccination, to assess the antigen-specificity of

responses to vaccination. Six patients with maintained stable

disease (SD) and two with early disease progression (PD) were

selected for study. TCR-β sequence analysis of PBMC DNA

revealed the emergence of oligoclonal populations of T cells

after hTERT vaccination in both SD and PD patients. The

20 most prevalent clones are presented in Figure 3A and

Supplementary Figure S5A.

To investigate the specificity of TCR clones, TCR-β clonality

was also analysed after two rounds of ex vivo stimulation with

hTERT peptides over 2 weeks, in the absence of any adjuvants.

This data showed further hTERT-driven expansion of a subset of

the oligoclonal T cells which was predominantly evident in

patients with maintained stable disease (median: 6.9%; range:

1.1%–23%) compared to patients with progressive disease (3.1%),

providing evidence for hTERT specificity of a subset of the

clonally expanded T cells (Figure 3B; Supplementary Figure

S5B). We then examined TCR similarity, among the T cell

clones that had increased in frequency after in vitro hTERT

stimulation, by calculating the pairwise Hamming distances

across the CDR3 sequences of these clones, as a measure of

the likelihood of two separate TCRs recognising the same

HLA/antigen complex. The Hamming distances amongst

CDR3 sequences in the top 20 hTERT-expanded T cell clones,

i.e., the most prevalent clones were substantially shorter in the

vaccinated patients who maintained stable disease (SD)

compared with patients who had developed a progressive

disease. These results provide a strong indication of similarity

between different TCR clones in the group with SD, and further

support for hTERT-specificity of oligoclonally expanded T cells

appearing after vaccination (Figure 3C).

Discussion

hTERT is overexpressed in >90% of cancer cells but not in

normal tissues, apart from stem cells and mitotically active

normal cell populations [1–3, 21–27]; therefore representing

an attractive tumour antigen target for therapeutic vaccination

in a range of cancers [28]. hTERT peptides are naturally

processed by tumour cells, and are presented in the context of

HLA class-I and -II molecules [29]. Therapeutic hTERT peptide

vaccination has been previously investigated in patients with

cancer, and shown to be safe [30]. Clinical responses have been

variable [31–33], but vaccination-induced stimulation of

prominent specific T cell responses have been previously

documented [9, 34–36], and hTERT peptides bind with high

FIGURE 1
Memory and activated hTERT-responsive CD4+ and CD8+ T cells increase post-vaccination. (A) Median expression of the selected markers in
pre- and post-vaccination PBMCs from 24 patients as identified by clustering algorithm CytoClustR on a subset of 400,000 cells proportionally
selected from all samples. Each row represents a cell cluster and each column represents a marker. Heatmap plot generated from SPADE analysis.
Expression values were transformed using the arcsin function in a cofactor of 5. The plot shows a difference in the immunological signature
between pre- and post-vaccination T lymphocytes, a phenotype that shows increased presence of memory (CD45RO) activated (CD107a, HLA.DR)
CD8+ T cells. These stimulated cells appear to express inhibitory co-receptors (PD-1, TIM3), as well as CD95 (APO-1/Fas), which are known to be
increased in post-vaccination T cells. (B,C) Quantitation of T cell activation markers in different clusters of unstimulated cells, with significantly
increasedexpression post-vaccination in a cluster (cluster 5) CD8hi, HLADRhi, PD-1hi, CTLA4hi, TIM-3hi CD45ROhi, CD95hi, CD107ahi, CD137hi. Error
bars are standard error of mean. Two-way Anova analysis of variance test was used for statistical analysis. *p < 0.05.
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affinity to particular HLA haplotypes. However, class-I binding

hTERT peptides used in previous trials have limited therapeutic

applicability because of HLA haplotype heterogeneity in patients

[4, 33, 37–39]. In this trial we have used a combination of

peptides selected for high binding affinities to a number of

commonly expressed HLA haplotypes. This strategy aimed to

ensure that at least one component of the peptide library is likely

to be effectively presented by the HLAs that are present in 90% of

European patients. HLA haplotyping was not necessary to use

this treatment; we selected a pool of seven hTERT peptides to

ensure presentation by both HLA class-I and class-II in 90% of

patients. For the future studies, a wider mixture of peptides that

can be presented by different HLA classes, combined with

suitable adjuvants, can possibly be used to cover a larger

population of patients.

We applied the TLR-7 agonist imiquimod topically, with the aim

of promoting antigen uptake by dendritic cells (DCs) and activation

of the release of pro-inflammatory cytokines [40]. Stimulation of

immatureDCswith TLR agonists upregulates CCR7, increasing their

migration to draining lymph nodes [41]. Animal models have shown

that imiquimod can enhance dendritic cell survival, as well as

promoting tumour–specific T cell priming, trafficking and

accumulation in lymph nodes [42, 43]. Appropriately formulated

adjuvants such as Montanide provide a depot for the prolonged

release of antigens, preventing rapid degradation, and ensuring a

continuous delivery of antigen to the regional lymph nodes. Trials

using Montanide have demonstrated significant enhancement of

T cell immune responses and improved clinical outcomes [44, 45].

Combination of hTERT peptides with Montanide has previously led

to the induction of effective CD8+ T cell responses [46]. Metronomic

low dose cyclophosphamide depletes Tregs whilst preserving overall

lymphocyte numbers [47], and augmented effector T cell responses

are also reported [48–51].

The vaccination strategy developed here is safe, with

hypersensitivity to the Montanide/peptide mix being the only

adverse event warranting treatment discontinuation. There were

no RECIST responses in this phase 1 trial conducted in patients

with therapy-resistant, metastatic disease. Despite their advanced

cancers, maintained stable disease for at least 6 months was

observed in 24% of patients, with a range of tumour types

(colorectal, lung, pancreas, prostate, breast, cervix, ovary,

upper GI and pleural).

FIGURE 2
Immunological signature of PBMCs from patients in the VAPER study. (A) Median expression of the selected markers in pre- and post-
vaccination PBMCs from 24 patients as identified by clustering algorithm CytoClustR on a subset of 400,000 cells proportionally selected from all
samples. Each row represents a cell cluster and each column represents a marker. Heatmap plot generated from SPADE analysis. Expression values
were transformed using the arcsin function in a cofactor of 5. The plot shows a difference in the immunological signature between pre- and
post-vaccination T lymphocytes, a phenotype that shows increased presence ofmemory (CD45RO) activated (CD107a, HLA.DR) CD8+ T cells. These
stimulated cells appear to express inhibitory co-receptors (PD-1, TIM3), as well as CD95 (APO-1/Fas), which are known to be increased in post-
vaccination T cells. (B,C)Quantitation of T cell activationmarkers in different clusters of stimulated cells, with significantly increased expression post-
vaccination in two clusters of cells (cluster 5 and cluster 7).Cluster 5: CD8hi, HLADRhi, PD-1hi, CTLA4hi, TIM-3hi TCRVD2hi CD45ROhi CD137hi CD107ahi,
IL-2hi, TNF-ahi, Cluster 7: CD4hi, HLADRhi, PD-1hi, CTLA4hi, TIM-3hi CD45ROhi CD107ahi, IL-2hiError bars are standard error of mean. Two-way Anova
analysis of variance test was used for statistical analysis. *p < 0.05. The re-challenged cells showed a similar phenotype with unchallenged cells; in
addition re-challenged cells also expressed significantly higher cytokines TNF-a, IFN-g and IL-2 after vaccination.
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Strong CD4+ and CD8+ T cell responses were evident

following vaccination with this hTERT peptide mixture. Using

an unbiased clustering method, we show that these expanded

T cells have an activated phenotype but that they also express

markers of exhaustion and apoptosis. This data suggests that

combining hTERT vaccination with immune checkpoint

blockade may further improve the magnitude and longevity of

the overall immune response. Interestingly, we did not find a

significant change in the frequency or phenotype of other

immune cell populations such as NK cells, γδ T cells or Tregs

after vaccination. A numerical reduction in Tregs did not reach

statistical significance, possibly due to small sample size.

The expanded T cells showed far less sequence diversity in their

CDR3 region as evident by the number of expanded clones post-

vaccination. The dominant clones were further expanded following

in vitro rechallenge with hTERT peptides but not the irrelevant

peptide, indicating the hTERT-specificity of the clonally expanded

T cells. However, considering the variety of HLA haplotype in these

patients, finding similar CDR3 sequences to confirm that T cells

from different patients share specificity is challenging. To overcome

this issue, we calculated the Hamming-distance similarity index For

the largest expanded clones as a proxy for convergence. Sequence

convergence indicates sequence similarity between the

CDR3 regions of different oligoclonally expanded T cell

populations, supporting the conclusion that the expanded T cell

clones from different patients have been selected to detect the same

HLA-peptide complexes.

This trial is a first step in the clinical development of a cancer

vaccine using a strategy that has been termed “Combined Adjuvants

for Synergistic Activation of Cellular immunity” (CASAC) [18, 19].

Our pharmacodynamic data indicates that this vaccination strategy

induces immunological responses against a tumour-associated self-

antigen, hTERT. Specifically, we have demonstrated that hTERT

peptide vaccination, in combination with adjuvants and

metronomic cyclophosphamide therapy, can generate activated

hTERT-specific CD4+/CD8+ T effector responses against this

tumour associated antigen in cancer patients with therapy-

resistant solid tumours. However, the best clinical responses seen

in this trial were prolonged stable disease, and no tumour shrinkage

by RECIST criteria occurred, possibly because of persistent

FIGURE 3
TCR-β sequencing identifies the emergence of new clonal populations of T cells after hTERT vaccination. (A) New clonal populations of T cells
emerge after vaccination in patients with both maintained stable disease (SD) and disease progression (PD). DNA was extracted from fresh frozen
PBMCs collected prior to and after vaccination and analysed for TCR-β oligoclonality. TCR sequence analysis identifies the emergence of oligoclonal
populations of T cells at the frequencies indicated, the 20 most prevalent of which are presented for 1 patient each with SD or with PD,
representative of a total of 6 SD and 2 PD patients analyzed. Time points are indicated in weeks from starting vaccination (for example, T8 = week 8).
(B) Evidence for hTERT specificity among expanded T cells clones. TCR-β oligoclonality was further analysed following 2 weeks of ex vivo stimulation
with hTERT peptides, in order to assess T cell specificity for hTERT. hTERT-driven expansion of a subset of the oligoclonal T cells is most evident in
patients with maintained SD rather than PD. (C) Sequence similarity analysis (distance score by Hamming metric) supports true hTERT specificity of
T cell clones responding to ex vivo culture with hTERT peptide. The Hamming distance (HD) amongst the peptide sequences encoded by the
CDR3 region of TCR-βwasmeasured in the 20most prevalent clones of T cells that had expanded after in vitro stimulationwith hTERT. Samples from
six patients with stable disease (SD; red bars) are compared with those from two with more rapidly progressing disease (PD; blue bars). Mean and
standard deviation values for HD are shown ≥ the corresponding x-axis value. Error bars are calculated only for the SD group, which includes more
than one inter-patient pairwise comparison. HD is scaled between zero (identity) and one (no similarity). The left-skewness of the PD group
distribution and higher fractions of lower HD values for the SD group indicates a strong convergence at the sequence level for patients with SD, and
therefore a higher similarity in the MHC antigen targets recognized by the oligoclonally expanded T cells, compared to the PD group.
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PD1-positive Tregs. Future combination of this vaccination strategy

with PD-1/PD-L1-targeted immune checkpoint inhibition may

improve clinical efficacy, as has been observed in other pairings

of vaccination with checkpoint inhibitors [52–56].

Conclusion

We conclude that this vaccine combination is associated with

antigen-specific immunological responses and can generate

activated hTERT-specific CD4+/CD8+ effector responses against

this tumour associated antigen in patients with therapy-resistant

solid tumours. Clinical response could be improved by combination

with anti-PD1 checkpoint inhibition to address the emergence of an

exhausted T cell population.
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