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Purpose: Personalized vaccines targeting multiple neoantigens
(nAgs) are a promising strategy for eliciting a diversified antitumor
T-cell response to overcome tumor heterogeneity. NOUS-PEV is a
vector-based personalized vaccine, expressing 60 nAgs and consists
of priming with a nonhuman Great Ape Adenoviral vector (GAd20)
followed by boosts with Modified Vaccinia Ankara. Here, we report
data of a phase Ib trial of NOUS-PEV in combination with
pembrolizumab in treatment-naive patients with metastatic mela-
noma (NCT04990479).

Patients and Methods: The feasibility of this approach was
demonstrated by producing, releasing, and administering to 6
patients 11 of 12 vaccines within 8 weeks from biopsy collection
to GAd20 administration.

Results: The regimen was safe, with no treatment-related serious
adverse events observed and mild vaccine-related reactions.

Introduction

The field of immunotherapy has revolutionized the treatment of
many tumors with the development and approval of immune check-
point inhibitors (CPI). The activity of CPI relies mostly on the
reinvigoration of T cells against tumor antigens, which are sponta-
neously induced by the tumor. Tumor neoantigens (nAgs) are con-
sidered a central target of such spontaneous antitumor T-cell
responses and several studies have shown that cytotoxic CD8 T cells
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Vaccine immunogenicity was demonstrated in all evaluable patients
receiving the prime/boost regimen, with detection of robust neoan-
tigen-specific immune responses to multiple neoantigens compris-
ing both CD4 and CD8 T cells. Expansion and diversification of
vaccine-induced T-cell receptor (TCR) clonotypes was observed in
the posttreatment biopsies of patients with clinical response, pro-
viding evidence of tumor infiltration by vaccine-induced neoanti-
gen-specific T cells.

Conclusions: These findings indicate the ability of NOUS-PEV
to amplify and broaden the repertoire of tumor-reactive T cells to
empower a diverse, potent, and durable antitumor immune response.
Finally, a gene signature indicative of the reduced presence of
activated T cells together with very poor expression of the antigen-
processing machinery genes has been identified in pretreatment
biopsies as a potential biomarker of resistance to the treatment.

targeting tumor neoantigens play a critical role in mediating the
response to checkpoint blockade (1, 2). Neoantigens are mutated
self-antigens arising from somatic mutations unique to the tumor
cells and not expressed on normal cells. As such, they are recognized by
the immune system as nonself and capable of triggering a strong and
tumor-specific immune response (3). These features make them an
attractive target for cancer vaccines. The advance of next-generation
sequencing (NGS) techniques has provided opportunities to rapidly
identify these tumor-specific mutations in each individual patient,
making the approach of personalized nAgs-based vaccines feasible.
Personalized neoantigen vaccines aim to expand and broaden the
repertoire of tumor antigen-specific T-cell responses by boosting
tumor-induced T cells and by priming de novo T-cell responses against
additional cancer nAgs, thus increasing the potency and breadth of
antitumor immunity. In this scenario, the combination of neoantigen
cancer vaccines with CPI may improve antitumor efficacy through
complementary mechanisms of action (4). The choice of the vaccine
platform, and associated number of nAgs that can be vaccinated, is key
to elicit a proper magnitude, quality, and breadth of T-cell responses to
achieve effective and durable antitumor responses. Indeed, various
vaccine platform approaches are being pursued in the field of per-
sonalized vaccines (PEV; ref. 5). Viral vector-based vaccines represent
an attractive choice as antigen delivery system. In particular, heter-
ologous prime/boost with adenoviruses derived from nonhuman
Great Apes (GAd), followed by Modified Vaccinia Ankara (MVA),
is a powerful vaccine platform that has demonstrated robust and
durable T-cell response in humans, both in the context of the infec-
tious disease field and more recently also in cancer (6, 7). Moreover,
these viral vectors have the capability to encode large gene inserts
and, therefore, in the context of neoantigen vaccines, to target many
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Translational Relevance

This study demonstrated the feasibility of a novel personalized
neoantigen-based vaccine that in combination with pembrolizu-
mab is safe and able to generate robust tumor-specific T cells
capable of trafficking to the tumor. The data presented here support
the use of a viral vector-based vaccine platform as a valuable
therapeutic option with a potential to be used in a wide range of
disease settings and indications, aiming to extend immunotherapy
efficacy to patients.

neoantigens simultaneously, with the potential advantage of covering
heterogeneity and curtailing tumor immune escape. Preclinical studies
in various murine tumor models have demonstrated the synergy
between anti-PD-1 therapy and viral vectored vaccines encoding tumor
neoantigens, to eradicate large established tumors (8-10). Recently,
vaccination based on GAd and MVA vectors has been also employed
to target shared neoantigens in metastatic patients with mismatch
repair deficiency/microsatellite instability (AMMR/MSI; ref. 9). More
specifically, results from a phase I trial combining anti-PD-1 antibody
with GAd20 and MVA encoding shared tumor neoantigens in pati-
ents with metastatic colorectal cancer, gastric, and gastro-esophageal
MSI tumors have been recently published. The results of the trial
demonstrated that the combination treatment was safe, highly immu-
nogenic, and showed promising early signs of clinical efficacy (9).

Here we report translational results from a phase Ib, first in human
trial (NCT04990479) in patients with metastatic malignant melanoma.
The study evaluated feasibility, safety, immunogenicity, and antitumor
activity of NOUS-PEV PEV in combination with the PD-1 blocking
antibody pembrolizumab. We examined the induction of neoantigen-
specific T-cell responses before and after vaccination, and showed
expansion after treatment of vaccine-induced T-cell clonotypes rec-
ognizing neoantigens in the tumors of vaccinated patients. Moreover,
the analysis of transcriptomic data obtained from pretreatment biop-
sies allowed the identification of signatures potentially associated with
resistance to the combo treatment. Overall, these results support the
potential of this personalized viral-based prime/boost vaccine as a
promising immunotherapeutic approach to enhance antitumor
responses and the use of biomarkers to inform on the responsiveness
to combined vaccine and anti-PD-1 treatment.

Patients and Methods

Study design

This is a multicenter, open-label, phase I clinical study
(NCT04990479), designed to evaluate safety, tolerability, and immu-
nogenicity, and to detect any preliminary evidence of antitumor
activity of a PEV based on GAd-PEV priming and MVA-PEV boost-
ing, combined with standard of care (SoC) first-line immunotherapy
using an anti-PD-1 checkpoint inhibitor in metastatic non-small cell
lung cancer (NSCLC) and unresectable or metastatic melanoma. The
representativeness of the study population is described in Supplemen-
tary Table S1. The PEV vaccines are prepared on an individual basis,
following a tumor biopsy performed at the time of screening and
subsequent NGS analysis, to identify patient-specific tumor mutations.
Both neoantigen-encoding genetic vaccines are administered intra-
muscularly using one prime with GAd-PEV and three boosts with
MVA-PEV in combination with the licensed programmed death
receptor-1 (PD-1)-blocking antibody pembrolizumab in patients. The
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first vaccination with GAd occurs on the day of the 4th administration
of pembrolizumab (week 10); MVA is administered as three boosts,
every 3 weeks, with the first administration 3 weeks post-GAd
vaccination. GAd and MVA vaccines are administered at the dose
ranges of 5 x 10"t02 x 10" vpand 1 x 10%to 3 x 10% ifu, respectively.
Further details can be found at https:/clinicaltrials.gov/stu
dy/NCT04990479. This study was conducted in accordance with
ethical principles that have their origin in the Declaration of Helsinki
and conducted in adherence to the study Protocol, Good Clinical
Practices as defined in Title 21 of the US Code of Federal Regulations
Parts 11, 50, 54, 56, and 312, as well as the International Conference on
Harmonization E6 guideline for Good Clinical Practice and applicable
regulatory requirements. The study was approved by UZ Leuven
Ethics Committee (Study Reference S64578) and by Research Ethics
Committee of Fundacion Jimenez Diaz. Written informed consent was
obtained from each subject.

Vaccine vector generation

PEV design was performed according to a pipeline aimed at analy-
zing patient next-generation sequencing data collected from tumor and
blood to select the best neopeptides suitable for the inclusion in viral
vectors. NGS data were produced at CeGAT GBMH. Genomic DNA
was fragmented and used for Illumina library construction. Exonic
regions were captured in solution using the Twist Human Core Kit.
Paired-end sequencing (2 x 100 bp) was performed with the Nova-
seq600 Genome Analyser (Illumina) at a target depth of 30 Gb. RNA was
fragmented and the sequencing library was prepared using SMART-Seq
mRNA Stranded Kit. Sequencing was performed with the Novaseq6000
Genome Analyser (Illumina) at a target depth of 6 Gb (2 x 100 bp).
The patient HLA typing and the prioritization of somatic variants
encoding neopeptides were performed as described previously (11).

The transgene design was performed according to a procedure that
minimizes the formation of predicted junctional epitopes that may be
generated by the juxtaposition of two adjacent neoantigen peptides. A
custom tool was developed specifically for this purpose. The synthetic
cassette aminoacid sequence was finally retrotranscribed by applying
an inverse translation scheme with a minimization of penalty score
associated to the presence in the sequence of forward/reverse repeats or
5TNT motifs and homopolymers stretches greater than 6bp.

Synthetic transgenes expression cassettes were generated via Gibson
assembly (New England Biolabs) of double-strand DNA fragments
obtained from different providers (Integrated DNA Technologies,
GeneART, Thermo Fisher Scientific; Doulix; Officinae Bio; Eurofins
Genomics); fragments were assembled into acceptor shuttle plasmids
containing TetO-CMV promoter (with two Tet Operator repeats) and
BGH polyA (GAd-PEV transgenes) or P7.5 promoter (MVA-PEV
transgenes).

For generation of GAd-PEV vectors, transgene cassettes were
transferred into a GAd20 BAC construct by recombineering in SW102
Escherichia coli cells. GAd20 BAC contains the genome of a Great Ape
Adenovirus (serotype group C) deleted in E1 and E3 regions, whereas
the E4 region is replaced with Ad5 E4 ORF6. Positive clones, selected
and characterized by PCR, restriction digestion, and transgene DNA
sequencing, were used for vector rescue by transfection in M9 cells
[human embryonic kidney (HEK) 293 derivative]. Resulting GAd-
PEV vectors were amplified in suspension M9 cells and purified by
anion exchange chromatography (9). The GMP production was
conducted by Reithera Sri.

For generation of MVA-PEV vectors, transgene cassettes were
transferred into MV A Deletion III locus by homologous recombina-
tion in AGE1.CR.pIX cells. Recombinant vectors were isolated by a
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combination of marker gene swapping and florescence-activated cell
sorting as described previously (12). A limiting dilution step was
performed to ensure clonality of the obtained MVA-PEV vectors,
followed by amplification in AGE1.CR.pIX cells. The GMP production
was conducted by Reithera Srl.

Peripheral blood mononuclear cell preparation

Venous blood samples from patients were collected in lithium-
heparin Vacutest blood collection tubes (Kima) at different time points
and cryopreserved at the clinical sites before shipment to the central lab
for immunogenicity assessment. To preserve peripheral blood mono-
nuclear cell (PBMC) functionality, isolation and freezing procedures
were performed within a maximum of 8 hours from blood collection.
The isolation of PBMCs was performed using Leucosep Bio-One
Polypropylene Tube (prefilled; Greiner, Merck) according to the
instructions of the manufacturer. After that, PBMCs were counted
and frozen with freezing media [10% DMSO (Sigma- Aldrich) and
90% FBS (Defined, HyClone], then placed at —80°C for 1 to 3 days
before shipment to the central laboratory. Cryopreserved cells were
thawed in thawing media [RPMI1640 (Gibco), CTL wash supplement
(Immunospot), 1% L-glutamine (Gibco), and 50 U/uL of Benzonase
(Merck Millipore)]. Cell counts and viability were assessed using the
Guava Via Count reagents (Luminex) and module on the Guava Muse
Cell Analyzer (Luminex).

Ex vivo IFNy ELISpot

The frequency of IFNy producing T cells was measured by ex vivo
ELISpot-forming cell assay after antigen-specific stimulation, as pre-
viously described (9). PBMCs were resuspended in R10, stimulated
with a set of peptides designed to cover the NOUS-PEV patient specific
vaccine sequence, and arranged into 6 peptide pools (P1 to P6). Cells
were plated at 2 x 10 cells per well in ELISpot plates (Human IFN-y
ELISpot PLUS kit, Mabtech) and incubated for 18 to 20 hours in the
presence of the peptides in a 37°C, humidified CO, incubator. At the
end of incubation, the ELISpot assay was developed according to the
manufacturer’s instructions. Spontaneous cytokine production (back-
ground) was assessed by incubating PBMCs with the medium only
plus the peptide diluent DMSO (negative control) (Sigma-Aldrich),
whereas CEFX (JPT), a pool of known peptide epitopes for a range
of human leukocyte antigen (HLA) subtypes and different infec-
tious agents, was used as positive control. Results are expressed as
SFC/10° PBMCs in stimulating cultures after subtracting the DMSO
(Sigma-Aldrich) background. A response was considered positive if
(i) the number of SFC/10° cells was greater than 50 and (ii) higher
than three times the background DMSO value. A subject is defined
as a responder if reactivity to at least 1 of the peptide pools is
induced after vaccination.

In vitro expansion of neoantigen-specific T cells

For in vitro expansion of antigen-specific T cells, PBMCs were
cultured in RPMI1640 medium (Gibco) supplemented with L-
glutamine (Gibco), HEPES (Gibco), penicillin/streptomycin (Gibco),
and 10% heat-inactivated human serum (Defined, HyClone), as
described previously (9). Cells (4 x 10° per well) in 1-ml volume
were stimulated in a 24-well plate with individual (4 ug/mL) or peptide
pool (each peptide at 4 pg/mL) in the presence of IL7 (330 U/mL;
PeproTech). On day 3,low-dose IL2 (10 U/mL; PeproTech) was added.
Half-medium change and supplementation of IL2 were performed at
days 3, 7, and 10. After 12 days, PBMCs were collected and resus-
pended in complete medium without cytokines and peptides for
overnight resting at 37°C. The day after, T-cell response against
peptides of interest was tested by IFNy ELISpot assay.
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TCR-seq analysis

T-cell receptor (TCR) V3 sequencing (TCR-seq) was performed on
blood at baseline and post-vaccination, and on IVS expanded T cells.
DNA from bulk PBMCs or stimulated specific T cells was prepared
using a Qiagen DNA Blood and Tissue Extraction Kit according to the
manufacturer’s instructions. Samples were quantified using Nanodrop
2000 (Thermo Fisher Scientific). DNA was extracted from each col-
lected sample and sequenced at CeGaT GMBH. Raw NGS data were
analyzed with MiXCR 2.1.11 (13), applying default parameters. The
repertoire detected in tumor at baseline and after vaccination was
determined was assessed from the RN A-seq data using the MiXCR tool
and applying the standard parameters reported in the RNA-seq
workflow of the manual. The derived CDR3 sequences were further
analyzed by tracking the expression of clonotypes that were shared
between pre-/post-vaccination tumor biopsies and in vitro samples
stimulated with NeoAg7 minimal 9-mer mutated peptide.

Gene expression analysis

Differentially expressed genes were estimated by comparing treated
versus untreated with a consensus of four different methods: DESeq2
(RRID:SCR_015687; ref. 14), edgeR (RRID:SCR_012802; ref. 15),
limma with Voom correction (16), and NOISeq (17). A count matrix
reporting the number of reads mapping to each gene was determined
by using the Rsubread (PMID: 30783653) package and gene expression
was expressed as transcripts per kilobase million (TPM). The Benja-
mini-Hochberg correction was applied to the list of differentially
expressed genes identified by each method. Only genes identified by
three out of the four methods, with a difference of log2FC of at least +1
and a corrected P value <0.05 were retained. IFNG/IMS signature was
computed as described in Cui and colleagues (18); R software was used
to implement the signature computation script.

Clonality analysis

Analysis of clonality of detected mutations was performed by using
allele-specific copy-number analysis of tumors (ASCAT) software (19)
to detect copy-number variation in tumor exome sequencing data,
followed by PyClone (20) to estimate the clonality of each somatic
mutation, as described previously (9). All the parameters were kept to
default except for the input of ASCAT that was created with a custom
tool that filters only the SNPs with at least 30% of mutation allele
frequency in blood. The list of filtered SNPs was then passed to the
AlleleCounter tool to prepare the input for ASCAT.

Data availability

Exome and RNA-sequencing (RNA-seq) data generated in this
study have been deposited in Sequence Read Archive under the
accession code PRINA1081187. All the other data of this study are
available in the article or upon request from the corresponding author.

Results

Production of GAd and MVA for personalized vaccination is
feasible in a short turnaround time

This study was open to treatment-naive subjects with unresectable
stage III/IV cutaneous melanoma and/or PD ligand 1 (PD-L1) >50%
stage IV non-small cell lung cancer. The study endpoints included the
evaluation of safety as the primary endpoint and evaluation of tumor
response according to RECIST v1.1 as secondary endpoint. Immu-
nogenicity and additional exploratory pharmacodynamics measures
and correlates of vaccine-induced immune response were evaluated as
exploratory endpoints. As of the data cutoff of June 12,2023, 7 patients
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Table 1. Demographic and disease features of the NOUS-PEV study population.

Patient ID 1 2 3 4 5 6 7

Age 64 72 77 88 74 62 72

Sex Male Male Male Female Female Male Male
ECOG Grade O Grade O Grade 1 Grade 1 Grade 1 Grade 1 Grade O
BRAF mutation Negative Positive Positive Negative Not applicable Negative

Disease status Stage Il Stage IV Stage lll Stage llI Stage lll Stage Il Stage IV
BOR PR PR PD SD PR CR PD

Sum of RECIST measurements at baseline 12 mm 100 mm 26 mm 10 mm 31 mm 46 mm 81 mm
No. of target lesions 1 3 1 1 1 2 4

No. of nontarget lesions 1 2 1 1 1 3 2

Abbreviation: ECOG, Eastern Cooperative Oncology Group.

with unresectable stage III/IV cutaneous melanoma were enrolled in
the trial; 6 received the vaccination, whereas 1 patient (Pt 7) progressed
prior to any vaccination (demographics and disease characteristics for
each patient are shown in Table 1). Following pembrolizumab induc-
tion treatment (three cycles), NOUS-PEV vaccine was administered
intramuscularly with the following scheme: a single priming dose of
GAd20 encoding 60 tumor-specific nAgs concomitantly with the
fourth pembrolizumab infusion at week 10, followed by 3 boosts with
MVA, each 3 weeks apart. Baseline and on treatment tumor biopsies
were collected at screening and after the first MV A administration,
respectively (Fig. 1A).

To produce each personalized neoantigen GAd20 and MVA vac-
cine, tumor mutations were first identified by whole-exome and RNA-
sequencing of baseline patient’s tumor biopsy and matched normal
cells from blood, as outlined in Fig. 1A. Neoantigens were then
bioinformatically predicted and selected using a previously published
algorithm, called VENUS (11). About 60 tumor specific neopeptides
were selected for inclusion in a codon-optimized artificial gene cloned
into GAd20 and MVA vectors. Eleven of 12 vaccines were successfully
manufactured and released, according to GMP and EU Pharmaco-
poeia guidelines, demonstrating the feasibility of this viral vector-
based personalized vaccination approach. More specifically, the turn-
around time (TAT), defined as the time for vaccine generation and
release starting from the day of the tumor biopsy analysis, was an
average of 59 days (SD +4) for GAd20 (expected 56 days), and 81 days
(SD +£3) for MVA (expected 81 days; Fig. 1B).

The total number of nAgs for the analyzed tumor biopsies is shown
in Fig. 1C. For 1 patient (Pt 6), the tumor biopsy displayed a total
number of 34 neoantigens. Therefore, in this case, the 34 neoantigens
were all encoded in the NOUS-PEV vaccine and not subject to the
VENUS selection (11), as the cumulative length of the sequence
corresponding to the candidate neoantigens was lower than the
maximum capability of the gene expression cassette. For the remaining
patients, the best subset of neoantigens were all selected by VENUS,
which ranked the total detected nAgs and selected the top ranked
mutations up to the maximum capability allowed by our viral vectors
(~60 25-mer neoantigens; ref. 8). An overall number of 398 of 1591
identified nAgs were selected by the prioritization algorithm. The
selected nAgs were retrospectively classified according to arbitrary
defined thresholds for the three parameters used by VENUS for
neoAgs selection: (i) the likelihood of presentation by MHC-I; (ii)
the expression and (iii) the allele frequency of the somatic mutations
encoding nAgs as detailed in Fig. 1D. The nAgs present in the
vaccines were enriched for having high scores in these three para-
meters, with 92% of the selected nAgs (365 of 398) displaying at least
one “good” parameter; 52% had at least two out of three “good”
parameters (Fig. 1D).
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NOUS-PEV is safe and induces T-cell responses against
neoantigens in all evaluable patients

The vaccination was safe and well tolerated. No treatment-related
serious adverse events (SAE) or Grade 3 and 4 (CTCAE) AEs occurred.
AEs related to NOUS-PEYV (attributed by investigator to NOUS -PEV
alone or NOUS-PEV and pembrolizumab) were reported in four
(66.7%) patients, all of which were Grade 1 or 2. The most common
AEs related to NOUS-PEV were localized injection site reactions
(50%, n = 3; Table 2).

Of the 6 patients who received vaccination and pembrolizumab, the
best overall responses (BOR) observed were one complete response
(CR), three partial responses (PR), one stable disease (SD), and one
disease progression (PD; Table 1).

Vaccine immunogenicity was an exploratory endpoint of the study
and was evaluated by an IFNYy ex vivo enzyme-linked immunosorbent
spot (ELISpot) assay using 6 patient-specific peptide pools (~10
peptides per pool) covering the entire vaccine sequence (Fig. 2A).
For the assessment of immune response, peripheral blood mononu-
clear cells (PBMC) were collected at different time points before and
after vaccination. Stimulation of PBMCs with patient-specific peptide
pools resulted in IFNy T-cell responses post-vaccination in 100% of
evaluable patients who had received the prime/boost regimen (n = 4;
Fig. 2B). Interestingly, immune response was not detected in Pt 5,
who did not receive GAd20 but only MVA. None of the patients had a
positive ex vivo IFNy ELISpot response to their cognate neoantigen
peptide pools after pembrolizumab, prevaccination administration
(Fig. 2B). Total response at peak after vaccination reached a mean
of ~700 spot-forming cells (SFC)/million PBMCs. Responses were
directed against different peptide pools, with the induction of a
polytope response to the vaccine neoantigens (Fig. 2C). Antigen-
specific expansion of T cells after in vitro stimulation (IVS) resulted in
additional positive responses by PBMC samples collected after vac-
cination against pools with undetectable ex vivo response (Supple-
mentary Fig. S1). Depletion of CD8 cells from PBMC showed that
vaccine induced T-cell responses included both CD4 and CD8 T cells
(Fig. 2D). Assessment of individual CD4 and CD8 T-cell specificity
against each peptide was not feasible for all patients and for all the
peptide pools, given the considerable number of encoded neoantigens
coupled to the limitation in sample availability. Vaccine-induced T-
cell responses were long lasting, as we found that cellular immunity
was still detected 7 months after vaccination (Fig. 2E).

TCR neoantigen-specific T-cell repertoire is expanded and
diversified after NOUS-PEV vaccination

Clonal dynamics of antitumor TCR clonotypes before and after
treatment were next investigated. More specifically, the intratumoral
TCR repertoire from bulk RNA-seq in matched pre- and posttreatment

Clin Cancer Res; 30(11) June 1, 2024

2415



D’Alise et al.

A NOUS-PEV phase I study schematic and treatment schedule
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Figure 1.

NOUS-PEV neoantigen vaccines: trial design, feasibility, and selection of encoded neoantigens. A, Schematic outlining the NOUS-PEV trial design, vaccine
production, and treatment schedule. B, Achieved (triangles) and expected (green dotted line) turnaround time (TAT) to manufacture and release GAd20 and MVA-
PEV. The TAT is calculated in days, from when the biopsy is available for the nucleic acid extraction till the day the vaccine is released. C, Total number of neopeptides
detected in NOUS-PEV patients. Each bar represents the total number of neopeptides encoded by nonsynonymous somatic mutations detected in baseline tumor
biopsies. Black and gray bars indicate the patients’ mutation subjected or not to VENUS prioritization algorithm, respectively. D, Quality of neopeptides included in
NOUS-PEV. The pie chart displays the total number of candidate neopeptides targeted by NOUS-PEV. In green, blue, and salmon are indicated respectively, the
selected neopeptides showing one, two, or three of the parameters defined “good” according to the following thresholds (TPM of the RNA carrying the mutation >1;
MHC class | predicted binding ICso < 500 nmol/L; mutation allele frequency >50%). In gray are the other neopeptides not included in the previous three categories.
The bar plot indicates the detail of candidate neopeptides for each individual patient.
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Table 2. Treatment-Related AEs (TRAE) in patients treated with
NOUS-PEV and pembrolizumab.

Grade 1/2
Preferred term n (%)
NOUS-PEV treatment-related AEs®
Injection site reaction 3 (50)
Fatigue 107)
Headache 107)
Hyperthyroidism 107)
Influenza-like illness 107)
Injection site erythema 107)
Injection site hypersensitivity 107)
Musculoskeletal stiffness 107)
Pruritus 107)
Pembrolizumab treatment-related AEs®
Pruritus 4 (67)
Diarrhea 3(50)
Fatigue 3 (50)
Dyspnea 2 (33)
Hyperthyroidism 2 (33)
Hypothyroidism 2 (33)
Injection site reaction 2 (33)
Lipase increased 2 (33)
Blood iron decreased 107)
Cough 107)
Dermatitis acneiform 107)
Dry mouth 107)
Dysgeusia 107)
Memory impairment 107)
Myalgia 1307)
Nausea 107)
Papule 107)
Photopsia 107)
Rhabdomyolysis 107)
Vitiligo 107)

Note: Summary of number (n) and percentage (%) of treatment-related AEs
(TRAE). AEs were coded using MedDRA version 23.1. No patients had TRAE with
CTCAE grade 3 or higher. Two patients had CTCAE grade 3/4 SAEs (1 patient had
vertigo and 1 patient had hydronephrosis) all considered to be unrelated to the
treatment.

®NOUS-PEV-related AEs include events attributed by the investigator to NOUS-
PEV alone as well as events attributed to both NOUS-PEV and pembrolizumab.
PAEs related to pembrolizumab include events attributed by the investigator
to pembrolizumab alone and events attributed to both NOUS-PEV and
pembrolizumab.

tumors was analyzed in 4 patients whose pre- and posttreatment
biopsies were available (Pt 1, Pt 2, Pt 4, and Pt 5). Three out of 4
of these patients (Pt 1, Pt 2, and Pt 4) received the vaccine prime
and boost regimen, whereas Pt 5 only received MVA and did not
mount a detectable positive immune response in periphery post-
vaccination (Fig. 2B). Analyses of intratumoral lymphocyte popu-
lations showed an increase of T cells measured as number of TCRf
copies of nearly three-fold on average in posttreatment biopsies
versus baseline in 3 patients who received prime and boost NOUS-
PEV vaccine (Fig. 3A and B). Interestingly, the intratumoral TCR
repertoire of Pt 5, in the absence of full regimen vaccination, did
not show expansion of T-cell repertoire as observed for the other 3
patients, suggesting that full regimen heterologous prime boost
vaccination is required to achieve T-cell expansion, in keeping with
the lack of T-cell response measured in the periphery. Consistent
with the increase of the number of T-cell clones after NOUS-PEV, a
more diverse TCR repertoire was also found in the three prime and
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boost vaccinated patients, suggesting amplification and diversifi-
cation of antitumor T-cell responses posttreatment (Fig. 3C).

To investigate the migration of individual neoantigen-specific
vaccine-induced CD8 T cells from the peripheral blood to the tumor,
we focused on Pt 1, who showed a strong CD8 T-cell response
detected ex vivo with PBMC samples post-vaccination. In this patient,
elicitation and increase of vaccine-induced neoantigen T cells over
time coincided with the deepening of the clinical response (Fig. 4A).
Deconvolution of pool 1 in this patient revealed that the immune
response was directed against one strong CD8 neopeptide, mutated
NOL9 (named NeoAg7). NeoAg7 mutation was found in about 70%
of tumor cells according to the mutation clonality analysis in the
baseline biopsy, with a good predicted binding of the nonamer
sequence RDLSIFSYL to the patient haplotypes HLA-B*37:01
(Fig. 4B). In vitro expansion of PBMCs collected after pembrolizu-
mab (week 10) and vaccine treatment (week 14), in the presence of
the NeoAg7 peptide, led to the expansion of NeoAg7-specific CD8
T cells as shown by the higher number of IFNy+ SFCs (Fig. 4C).
Unstimulated (DMSO only) cells from the same cultures served as
negative control. Expanded NeoAg7-specific CD8 T cells were then
subjected to TCRP sequencing and compared with unexpanded T
cells from the same cell culture conditions (week 14 PBMC). Neoan-
tigen 7-specific TCR clonotypes were then tracked in the patient
tumor biopsies (baseline and on-treatment). Six NeoAg7 reactive
TCRB clones expanded after IVS were detected in the tumor biopsies
by bulk RNA analysis, with five clones exclusively detected in the
posttreatment biopsy (Fig. 4D).

Together, these results indicate that neoantigen-specific CD8 T cells
induced by NOUS-PEV vaccine expand and diversify upon treatment.
Moreover, the presence of clonotypes from neoantigen-specific CD8 T
cells in tumor tissue that were also detected in PBMCs provides proof-
of-concept that vaccine-induced neoantigen-specific T cells in the
periphery are able to traffic and infiltrate into the tumor.

Evaluation of biomarkers predictive for clinical response to
NOUS-PEV and anti-PD-1 combination treatment
Transcriptomic analysis of baseline biopsies from patients treat-
ed with CPI allows the identification of potential mechanisms
underlying tumor response and resistance (21). Recently, Cui and
colleagues have shown that the ratio of IFNY gene signature to an
immunosuppression signature (IMS) is a good predictor of the
clinical response to CPI immunotherapy in patients with metastatic
melanoma (18). This ratio was evaluated on a public dataset of
tumor RNA expression data in patients with melanoma treated
with CPI in parallel with our NOUS-PEV patient cohort. In this
analysis, patients of the benchmark cohort were divided into three
categories: responding patients (R; including CR and PR); patients
with stable disease (SD); and patients in progression (PD). We
noticed that none of the patients with a clinical response in the
public cohort had an IFNY/IMS ratio lower than —1, different from
the PD or SD patients (Fig. 5A). NOUS-PEV patients were thus
arbitrarily separated into two subgroups, one with a ratio IFN-
Y/IMS below —1 (Pt 1, 3, 4, and 7) and the second group with a ratio
higher than —1 (Pt 2, 5, 6; Fig. 5A). According to this analysis,
patients 2, 5, and 6 fall under the group of predicted good
responders to the pembrolizumab monotherapy, whereas patients
1, 3, 4, and 7 were predicted as subjects very unlikely to respond to
pembrolizumab. Indeed, Pt 3 and Pt 7 rapidly progressed with Pt 7
progressing even before receiving the vaccine. Instead, Pt 1 showed
an increase of tumor volume before vaccination at the first CT scan
but then a deep and durable response after vaccination. We then
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Figure 2.

NOUS-PEV elicits a potent neoantigen T-cell response. A, Schematic overview of ex vivo IFNy ELISpot assay to measure immune response on PBMCs
stimulated with 6 patient-specific peptide pools P1to P6 (~10 peptides per pool) covering the entire vaccine sequence. B, T-cell response measured in NOUS-
PEV-vaccinated patients by ex vivo IFNy ELISpot on PBMCs collected pre- and post-vaccination. Numbers of IFNy spot-forming cells (SFC) per 108 PBMCs are
shown for 4 patients receiving the full regimen GAd and MVA prime/boost (solid dots), and 1receiving MVA-PEV (empty dot), comparing the baseline (post-
pembrolizumab) responses versus the post-vaccination response at peak. Two-tailed Mann-Whitney test was performed (*, P < 0.05). C, T-cell response
measured in NOUS-PEV evaluable patients receiving the full regimen GAd/MVA (Pt 1, 2, 4, 6). Shown are the ex vivo immune responses measured post-
pembrolizumab versus the post-vaccine immune responses against the peptide pools (P1-P6) covering the entire vaccine sequence for 4 patients (Pt1, 2, 4, 6).
Graphs show mean SFC + SEM per 108 PBMCs for triplicate ELISpot wells. Pools showing positive after ex vivo and in vitro restimulation (IVS) cultures are
indicated with a “+” symbol. Pie charts on the top represent the frequency of peptide pools inducing CD8 and CD4 responses on the total pools eliciting a
positive response by ex vivo/IVS ELISpot for each patient (NA, not available). D, Ex vivo IFNy ELISpot on PBMCs before or after depletion of CD8™ T cells in the
presence of patient-specific neopeptide pools. “CD4” and “CD8” indicate the subtype-specific CD4 and CD8 T-cell responses. An unpaired ¢ test was used to
detect significant differences between the groups (pre- and post-CD8 depletion); ****, P < 0.0001; **, P < 0.01; *, P < 0.05. E, Representative wells from IFNy
ELISpot assay of PBMCs analyzed 7 months post-vaccination. The dimethylsulfoxide (DMSO) wells represent the negative control, whereas a pool of viral
peptides (CEFX) was used as positive control.
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investigated additional signatures aiming to identify factors that
could characterize and diversify Pt 1 in clinical response from the
others with PD.

Loss/downregulation of MHC-I expression, as well as other key
components of the MHC-I antigen processing machinery (APM),
is a frequent immune evasion mechanism exploited by many
cancers to escape CTL-mediated tumor cell killing. As low APM
also hampers the outcome of CPI and other immunotherapies
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including vaccines, we investigated the expression levels of key
APM genes in NOUS-PEV responders (R; Pt 1, Pt 2, Pt 6) and PD
patients (Pt 3 and Pt 7). The SD patient, being only one at the
moment, was excluded from this analysis. Volcano plot depiction
of differentially expressed genes between NOUS-PEV PD versus R
patients highlighted a significant downregulation in the set of
APM genes, such as NLRC5, TAP1, HLA PSMBS8 genes, in the PD
group (Fig. 5B).
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Vaccine-induced neoantigen T cells migrate into the tumor. A, T-cell response assessed by ex vivo ELISpot versus percentage changes in target lesion size (sum of
target lesion measurements evaluated per RECIST v1.1.) from baseline are displayed for NOUS-PEV Pt 1. B, Deconvolution of T-cell response by ex vivo ELISpot against
individual peptides of the immunogenic pool 1. The immunogenic NeoAg7 is shown in black. The unpaired t test was used to make comparisons (****, P < 0.0001).
C, Top, schematic representation of the IVS protocol to expand vaccine induced neoantigen specific T cells against NeoAg7 peptide. Bottom, T-cell responses in Pt 1
measured by IFNy ELISpot assay after VS with NeoAg7 peptide. Tested PBMCs were collected after pembrolizumab (week 10) and after vaccination (week 14). The
unpaired t test was used to make comparisons (***, P < 0.001). D, Expansion and diversification of TCR repertoire in pre- and posttreatment tumor biopsies of Pt 1.
Each bar is a TCRP individual clone; the clonotypes specific for NeoAg7 detected on the tumor biopsies of Pt 1 are shown as black bars.

Discussion

Tumor neoantigens represent the optimal target for the generation
and amplification of immune responses by therapeutic vaccination

2420 Clin Cancer Res; 30(11) June 1, 2024

combined with CPI treatment. In this manuscript, we report the
feasibility and immunogenicity of NOUS-PEV assessed in a phase Ib
study in patients with metastatic melanoma. NOUS-PEV is an indi-
vidualized neoantigen vaccine based on heterologous GAd20/MVA
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Analysis of potential biomarkers predictive for antitumor response. A, Ratio of
the IFNy signature score to the IMS score predictive of PD-1 blockade (18)
estimated according to RNASEQ gene expression values detected in pretreat-
ment tumor biopsies. The values of the signature estimated in NOUS-PEV
patients were compared with a dataset of 172 patients with melanoma (57
CR/PR; 28 SD; 87 PD) treated with anti-PD-1 monotherapy and retrieved from
four published studies (18, 31-33). B, Volcano plot of differentially expressed
genes detected by analyzing the RNASEQ of pretreatment biopsies of patients
in progression (PD; n = 2) versus the ones collected from responder patients (n
= 3; median log2 FC < —1 or >1; Benjamini-Hochberg corrected P value <0.05
according to a consensus of four different methods. Details in Patients and
Methods). The plot highlights in red a subset of 21 antigen present machinery-
related genes (APM) downregulated in NOUS-PEV PD patients.

prime boost, in combination with pembrolizumab. We demonstrated
that this personalized vaccine approach relying on two different viral
vectors is feasible, given the fact that 90% of the NOUS-PEV products
were successfully manufactured. Moreover, in all cases, vaccines were
administered to the patients according to the predefined timeline with
amedian vaccine release of about 8 weeks from biopsy. Manufacturing
speed is particularly relevant in a setting of metastatic disease but also
in curatively resected disease to avoid unnecessary treatment delay and
maximize the opportunity for clinical benefit. To date, depending on
the choice of vaccine platform, the manufacturing time reported in the
field typically ranges from 8 to 16 weeks (22), positioning this approach
among the more rapidly manufactured ones so far. Combination of
NOUS-PEV with pembrolizumab was safe, with no treatment-related
SAEs reported for any of the treated patients, and with only mild
reactions to the vaccines, consistent with the results of other studies of
heterologous prime/boost vaccine schedules incorporating GAd and
MVA (7,23). The vaccine approach presented here allows targeting an
unprecedented number of neoantigens, with a strategy of polyvalent
vectors encoding 60 patient-specific neoantigens. Indeed, antigen loss
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and tumor heterogeneity represent important challenges to the effec-
tiveness and durability of the antitumor response and several evidences
indicate that the targeting of multiple neoantigens may enhance the
rate of efficacy (8).

High-magnitude vaccine-induced immune responses detected
by ex vivo IFNy ELISpot were elicited in all evaluable patients
post-NOUS-PEV administration, with polytope responses measured
against multiple peptides. These results are in line with those obtained
in a different clinical trial using the same platform targeting frameshift
(FSP) neoantigens shared across patients with dMMR and eliciting a
potent and broad T-cell response in the vast majority of patients (9).
Immune responses were both CD8 and CD4 T-cell responses, con-
firming the capability of this platform to induce both types of T
lymphocytes, as also observed in preclinical models (8, 11). One
patient (Pt 5) who only received MVA instead of the full vaccine
regimen, did not mount T-cell responses against vaccine encoded
neoantigens, indicating that the combined GAd/MVA approach is
required to mount proper T-cell immunity. Of particular interest from
the clinical point of view is patient 1, who showed stable disease at the
first CT scan (after 3 pembrolizumab infusions) with dynamic target
lesion growth, followed by tumor shrinkage only after vaccine admin-
istration, resulting in a confirmed PR. Deepening of tumor shrinkage
coincided with the increase of the vaccine induced immune response
detected in the periphery. The potential lack of response to anti-PD-1
of this patient was in line with the predictive gene signatures evaluated
from pre-treatment tumor biopsy. Indeed, this patient displayed a very
low ratio of IFNY signature to IMS, previously demonstrated to be
indicative of a low probability of responding to anti-PD-1 monother-
apy (18). Deconvolution of immune response at the level of single
peptides was possible in this patient and allowed the identification of
immunogenic neoepitope inducing the CD8 T-cell response. Inter-
estingly, the identified NeoAg (#7) is in the mutated nucleolar protein
NOL9 and shares 100% sequence identity with a Lachnospiraceae
peptide. Sequence homology between neoantigens and microbial
peptides has been suggested to contribute to the induction of an
immune response against neoantigens (24). Moreover, Lachnospir-
aceae belongs to the group of Bacteroides previously shown to correlate
positively with the rescue of clinical response to anti-PD-1 by fecal
transplant (25). Enrichment of T cells in the tumor post MVA was
detected via TCR sequence in all three evaluable patients receiving the
full GAd20/MVA vaccine regimen. This finding is indicative of the
NOUS-PEV vaccine’s ability to expand and diversify T cells in the
tumor, consistently with the TCR repertoire changes observed by the
very same platform in MSI patients treated with Nous-209 off-the-
shelf vaccine (9). Moreover, in patient 1, TCR clonotypes identified as
specific for NeoAg (#7) were tracked in the tumor biopsy and
expanded and diversified after NOUS-PEV vaccination. These results
provided further evidence of tumor infiltration by neoantigen-specific
T-cell clones following vaccination. Enrichment of T cells in the tumor
correlates with the kinetics of T-cell expansion in the periphery post-
vaccination. Previous findings have shown that expansion of T cells in
the tumor due to CPI activity occurs very early post treatment
initiation and therefore may no longer be detected at the biopsy
collection time selected in this study, 13 weeks post-CPI treatment
initiation. Interestingly enrichment of T cells in the tumor was not
observed in Pt 5 in clinical response, who did not receive GAd20
priming and had no detectable immune response to NOUS-PEV in the
periphery.

To date, immunogenicity of neoantigen vaccines has been
shown in patients with cancer to a varying extent using different
technologies (26-28). A recent study in patients with surgically
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resected pancreatic ductal adenocarcinoma (PDAC) tumors treated
adjuvantly with mRNA vaccine encoding 20 neoantigens, in combi-
nation with atezolizumab and mFOLFIRINOX, showed induction of
T-cell responses in 50% of treated patients that correlates with delayed
recurrence (28). Although a direct comparison between platforms is
not feasible, as the clinical settings and indications targeted are
different, it is interesting to note that immunogenicity of mRNA
vaccine was detected in only half of the treated patients, whereas
viral-based neoantigen vaccine elicited T-cell responses in all patients
of this trial and in a previous study (9). Besides immunogenicity, initial
promising results on the direct clinical activity of neoantigen vaccines
are emerging, providing evidence that these therapeutics can yield
meaningful clinical benefit to patients, as recently shown in a ran-
domized phase II trial of personalized vaccine mRNA-4157 plus
pembrolizumab versus pembrolizumab alone as adjuvant therapy in
patients with high-risk melanoma (29). These recent results also
highlight the potential of a personalized vaccine in earlier-stage disease,
particularly following tumor surgery.

Finally, potential biomarkers for lack of clinical response to the
combination of vaccine and CPI were also investigated. Tumor
immunogenicity is determined not only by the tumor antigenicity
itself, but also influenced by factors such as the tumor microenviron-
ment, including antigen presentation efficiency. Defects in the APM
genes may result in lack of antigen presentation and thereby lack of
cytotoxic T-cell-mediated tumor elimination, even in the presence of
vaccine-induced T cells. Expression of APM genes was found down-
regulated in the PD patients. Tertiary lymphoid structures (TLS) have
been shown to play a key role in shaping the immune microenviron-
ment of several tumor types, including melanoma (30). Interestingly,
our analysis showed a downregulation of chemokine expression
necessary for the induction of TLS, such as CCL19, CCL21, and CCR?7,
in PD patients, that may be relevant for effective treatment outcome,
also in the case of combined vaccine and anti-PD-1 treatment.

We acknowledge several limitations of our study, in particular the
small sample size and the absence of a control arm to estimate the role
of vaccine-induced neoantigen-specific T cells in determining the
disease outcome. Larger cohorts and randomized trials will be neces-
sary to establish superior activity of vaccine and anti-PD-1 with anti-
PD-1 alone. The expectation is that vaccination will improve the
clinical outcome without increasing toxicity, which is in contrast to
currently used CPI combinations. Another limitation is the availability
of patients’ specimens, either blood or tumors, for deeper character-
ization of the immune responses at single-cell resolution by scRNA-
seq, and detailed analysis of CD4 and CD8 responses.

In summary, our study demonstrated the feasibility of a novel
personalized neoantigen-based vaccine that in combination with
pembrolizumab was shown to be safe and able to generate tumor
specific T cells capable of trafficking to the tumor. The data presented
here support the use of this vaccine platform as a valuable therapeutic
option with a potential to be used in a wide range of disease settings and
indications.
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