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ABSTRACT
◥

Purpose: Although chemotherapy is standard of care for met-
astatic colorectal cancer (mCRC), immunotherapy has no role in
microsatellite stable (MSS)mCRC, a “cold” tumor. PolyPEPI1018 is
an off-the-shelf, multi-peptide vaccine derived from 7 tumor-
associated antigens (TAA) frequently expressed in mCRC. This
study assessed PolyPEPI1018 combined with first-linemaintenance
therapy in patients with MSS mCRC.

Patients and Methods: Eleven patients with MSS mCRC
received PolyPEPI1018 and Montanide ISA51VG adjuvant
subcutaneously, combined with fluoropyrimidine/biologic follow-
ing first-line induction with chemotherapy and a biologic
(NCT03391232). In Part A of the study, 5 patients received a single
dose; in Part B, 6 patients received up to three doses of Poly-
PEPI1018 every 12 weeks. The primary objective was safety; sec-
ondary objectives were preliminary efficacy, immunogenicity at
peripheral and tumor level, and immune correlates.

Results: PolyPEPI1018 vaccination was safe and well tolerated.
No vaccine-related serious adverse event occurred. Eighty percent
of patients had CD8þ T-cell responses against ≥3 TAAs. Increased
density of tumor-infiltrating lymphocytes were detected post-
treatment for 3 of 4 patients’ liver biopsies, combinedwith increased
expression of immune-related gene signatures. Three patients had
objective response according to RECISTv1.1, and 2 patients qual-
ified for curative surgery. Longer median progression-free survival
for patients receiving multiple doses compared with a single dose
(12.5 vs. 4.6 months; P ¼ 0.017) suggested a dose–efficacy
correlation. The host HLA genotype predicted multi-antigen–
specific T-cell responses (P ¼ 0.01) indicative of clinical outcome.

Conclusions: PolyPEPI1018 added to maintenance chemother-
apy for patients with unresectable, MSS mCRC was safe and
associated with specific immune responses and antitumor activity
warranting further confirmation in a randomized, controlled setting.

Introduction
Despite themany advancesmade in themolecular classification and

treatment of colorectal cancer over the past decade, colorectal cancer
remains among the leading causes of cancer-related deaths world-
wide (1). Although many patients initially present with localized
disease, ultimately about 50% progress to advanced, unresectable, or
metastatic disease (2). For advanced/unresectable disease, median
overall survival ranges from 27 to 30 months (3, 4). A number of
considerations impact the choice of first-line therapy of metastatic
colorectal cancer (mCRC; refs. 5–8).

The therapeutic mainstay in the management of microsatellite
stable (MSS) mCRC remains combination chemotherapy, including
infusional or oral fluoropyrimidine/oxaliplatin-based cytotoxic regi-

mens, frequently in combination with biologic therapy. These regi-
mens were traditionally used until the development of disease pro-
gression or intolerance. However, given the cumulative side effects
associated with such regimens, many patients are not able to tolerate
prolonged therapy with full doses. Hence, drug holidays have been
used (9) or the proactive use of maintenance therapy with more
tolerable regimens, frequently with a subset of the drugs that were
used for first-line induction phase (10–14).

Immunotherapy is an attractive strategy for the maintenance
setting. Aside from the lack of cross-resistance with typical chemo-
therapy regimens used for maintenance therapy, the setting of a lower
tumor burden following successful induction therapy is also conducive
of optimal activity. However, while novel checkpoint inhibitors (CPI)
have yielded dramatic improvements inmicrosatellite instability–high
(MSI-H), there has been no activity in MSS colorectal cancer (15, 16).
Nevertheless, in carefully selected settings the appropriate form of
immunotherapy coupled with other standard agents may well hold
promise in MSS colorectal cancer. Immunotherapy may serve to
rejuvenate tumor immunity and potentially eradicate micrometastatic
or oligometastatic disease. In addition, immunotherapy may be
potentially additive or synergistic with chemotherapy and antian-
giogenic therapy (17–19). 5-fluorouracil (5-FU) may cause some
tumor cells to be more visible to the adaptive immune system,
resulting in enhanced eradication of tumor cells by effector T
cells (20–22). Both 5-FU and bevacizumab may be cytotoxic to
immunosuppressive myeloid-derived suppressor cells and regula-
tory T cells restoring antitumor immunity (23–26). In addition,
bevacizumab normalizes tumor vasculature increasing T-cell infil-
tration (26, 27). These considerations formed the rationale for the
OBERTO-101 study.
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OBERTO-101 is a first-in-human study evaluating the safety,
tolerability, immunogenicity, and efficacy of a subcutaneously injected
vaccine, PolyPEPI1018, along with Montanide ISA51VG adjuvant
as an add-on immunotherapy to fluoropyrimidine-based mainte-
nance therapy for patients with MSS mCRC following a period of
induction treatment with conventional chemotherapy and biolo-
gics. PolyPEPI1018 was designed to address the dual challenges of
patient and tumor heterogeneity. Specifically, six synthetic long
peptides derived from seven tumor-associated antigens (TAA)
frequently expressed in colorectal cancer (28–34), altogether con-
tain 12 novel and shared epitopes that can result in the induction of
broad antitumor immunity in high proportion of patients (35). It is
hypothesized that the activation and proliferation of multiple
cytotoxic T lymphocytes will result in the killing of tumor cells in
collaboration with the background therapy.

Patients and Methods
Study design

This was a phase IIb, open-label, nonrandomized,multicenter study
to evaluate the safety, tolerability, immunogenicity, and efficacy of a
single injection (Part A) or multiple subcutaneous injections every
12 weeks for three doses (Part B) of PolyPEPI1018 as an add-on
immunotherapy to the maintenance therapy (Supplementary Fig. S1).
The study included a 12-week follow-up period after the last vacci-
nation. After completion of the vaccination(s), subjects remained on
maintenance therapy until disease progression or intolerance per
discretion of the investigator.

The clinical sites conducting the study were Pisa University
Clinic, Pisa, Italy (Part A) and Mayo Clinic, Rochester, MN (Part
A and B). This study was carried out in accordance with Interna-
tional Conference on Harmonization Good Clinical Practice and
the Declaration of Helsinki. The protocol was approved by the
institutional review board of each participating site. All patients
signed written informed consent.

Male or female patients, 18 to 75 years of age with histologically
confirmed stage IV metastatic adenocarcinoma originating from the
colon or the rectum were enrolled during their transition to
maintenance therapy with a fluoropyrimidine (5-FU or capecita-
bine) plus the same biologic agent used during induction (Table 1).
Treatment with PolyPEPI1018 was initiated within 3 weeks of
transition to maintenance therapy. Before enrollment, patients
experienced partial response (PR) or stable disease (SD) during
this first-line treatment. Prior systemic immunotherapy treatment
was excluded. Presence of at least one measurable reference lesion
according to RECIST v1.1 criteria was needed. Patients with MSI-H
tumors, documented BRAF mutations, and those with central
nervous system metastases were excluded. Patients must have had

Eastern Cooperative Oncology Group (ECOG) performance status
of 0 or 1.

Study protocol is deposited at ClinicalTrials.gov, NCT03391232.

Procedures
Design of PolyPEPI1018

For the design of PolyPEPI1018, dominant epitopes of the target
TAAs were determined using an in silico model cohort as described
earlier (36). Briefly, overlapping 9 mers of the 7 protein antigens were
scanned to predict their binding to the 152 HLA class I alleles of 433
individuals with mixed ethnicity comprising the in silico cohort
representative of the global population, as previously described (37).
As a next step, the predicted epitopes restricted to multiple (≥3)
autologous HLA alleles (PEPI) were determined for each of the 433
subjects and selected those that are most frequently shared among
them. After considering also physico-chemical properties of the pep-
tides, twelve 15 mers were selected containing the dominant (core) 9
mers to maximize the predicted HLA class II bindings, as well
(Supplementary Table S1). To gain long peptides (30 mers; ref. 38),
the twelve 15-mer peptides were paired creating six 30-mer peptides
which do not contain neoepitopes (8 mers) at the joining region
homologous with the human proteosome (Basic Local Alignment
Search Tool analysis). As a result, PolyPEPI1018 vaccine contains six
30-mer peptides, consisting of immunodominant epitopes from seven
colorectal cancer–specific TAAs (EPCAM, SURVIVIN, TSP50,
FBXO39, SPAG9, CAGE1, MAGE-A8). When considering all six
30 mers of PolyPEPI1018, 98% of subjects in the in silico cohort were
predicted to have at least one vaccine-specific HLA class I PEPI, 91%
have 2 PEPIs, and 100% of them have HLA class II PEPIs, potentially
covering large fraction of the study population, as well (Supplementary
Table S1; ref. 37).

Vaccine peptides were manufactured using solid-phase peptide
synthesis (Ambiopharm Inc). DMSO/Water solution of peptide
mixtures were filled (Bioserv Corp) into two vials (0.2 mg/mL,
each peptide). Before vaccination, each mixture was separately
emulsified with equal volume of Montanide ISA51VG adjuvant
(Seppic) using the standard two-syringe method. Each mixture was
injected subcutaneously into two anatomic sites: the two arms and
two thighs.

HLA Genotyping
HLA genotyping was performed by LabCorp from saliva sample

(buccal swab) using next-generation sequencing. HLA-class I and II
allele bindingswere predicted using the ImmuneEpitopeDatabase and
NetMHCII (IC50 < 500 nmol/L) prediction tools, respectively.

In vitro stimulated ELISpot assay
Every 3 weeks, 45 mL peripheral blood was drawn into EDTA tubes

and peripheral blood mononuclear cells (PBMC) were isolated using
Ficoll gradient centrifugation for each subject. PBMCs were thawed in
RPMI1640 with 10% FBS and incubated for 7 days at 37�C, 5% CO2.
On day 1 and 4, the medium was refreshed and supplemented with
5 ng/mL IL7 or 5 ng/mL IL7 and 4 ng/mL IL2 (R&D Systems),
respectively. After 7 days, PBMCs were harvested and rested
for 16 hours, then seeded in 2 or 3 replicates (depending on sample
availability) on IFNg/Granzyme-B/TNFa FluoroSpot plates
(Mabtech) at 100,000 to 150,000 cells/well in RPMI-10% FBS. Cells
were incubated either with the RPMI-10% FBS medium, or the
peptides (5 mg/mL), or peptide pools (5 mg/mL per peptide) overnight
at 37�C, 5% CO2. Development was performed according to the
manufacturer’s instructions. Results were acquired with a Mabtech

Translational Relevance

PolyPEPI1018 is a cancer vaccine composed of multiple tumor–
associated peptides designed to engage multiple T-cell clones
against the patients’ tumor. To our knowledge, this is the first
study to assess safety and initial efficacy of a peptide vaccine as add-
on to fluoropyrimidine/bevacizumab maintenance therapy in
patients withmicrosatellite stable metastatic colorectal cancer. The
study showed immunologically and clinically meaningful activity
of this treatment.

PolyPEPI1018 Vaccine with Maintenance Therapy in MSS mCRC
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IRIS reader and analyzed using the Mabtech Apex software. In vitro
stimulated (IVS) ELISpot results were considered positive when after
subtracting the corresponding nonstimulated control (DSFU), the
result was >2.5-fold higher than the DMSO negative control. A
response was considered “boosted” compared with pre-vaccination
when at least two-fold increase in DSFU was achieved.

Ex vivo ELISPOT assay
The IFNg/Granzyme-B/TNFa FluoroSpot plates were blocked with

RPMI-10% FBS and cryopreserved PBMCs (100,000 cells/well) plated
in 2 or 3 replicates depending on sample availability. The cells were
incubated either with DMSO as negative control, the individual
peptides (5 mg/mL) or peptide pools (5 mg/mL per peptide) overnight
at 37�C, 5% CO2. Plates were developed according to the manufac-
turer’s instructions and data measured as described above. Ex vivo
ELISPOT results were considered positive when after subtracting the
corresponding nonstimulated control (DSFU), the result was higher
than the DMSO negative control. A response was considered
“boosted” (vaccine-specific) when at least two-fold increase in DSFU
was achieved compared with pre-vaccination.

Ex vivo intracellular cytokine staining
Two hundred thousand cryopreserved PBMCs/well were seeded in

2 or 3 replicates on sterile round-bottom 96-well plates (Thermo
Fisher) in RPMI1640 supplemented with 10%Human SerumHI. After
2-hour incubation either with DMSO, or the peptides (5 mg/mL) or
peptide pools (5 mg/mL per peptide), BD GolgiPlug (BD Biosciences)
was added to the wells at 1 mL/mL. After 4 hours incubation, cells were
treated with dissociation buffer (Thermo Fisher) and incubated with
Zombie NIR Viability Dye (BioLegend) at room temperature for 15
minutes. Cells were incubated in Fc Blocking reagent for 5minutes and
stained with anti-CD3 (Miltenyi Biotec; catalog no. 130–113–141,
RRID: AB_ 2725966), anti-CD4 (BD Biosciences; catalog no. 564724,
RRID:AB_2738917), and anti-CD8 (BD Biosciences; catalog no.
612754, RRID:AB_2870085) antibodies for 30 minutes at 4�C, then
washed, permeabilized and fixed according to the manufacturer’s
recommendations (BD Biosciences). Intracellular cytokines were
labeled using a staining mixture of anti-IFNγ (BioLegend; catalog no.
502515, RRID:AB_493029), anti-IL2 (BioLegend; catalog no. 500315,
RRID:AB_493370), and anti-TNFa (BioLegend; catalog no. 502909,
RRID:AB_315261) antibodies at 4�C for 30 minutes. Cells were
washed twice before acquisition. All flow cytometry data was acquired
with a LSRFortessa X-20 and analyzed using the FlowJo V10 software
(RRID: SCR_008520). Results were considered positive if higher than
the DMSO negative control that was determined for each time point.

ELISpot and ICS assays were performed by ImmunXperts SA.

Gene expression profiling
NanoString Technologies’ nCounter PanCancer Immune Profiling

Panel and protocol was used. RNA was purified from formalin-fixed,
paraffin-embedded (FFPE) slices using an optimized protocol based
on “RNeasy FFPE Kit” from QIAGEN. To evaluate the quality of
extracted RNA each sample was tested on Agilent Bioanalyzer (RRID:
SCR_019389) using RNA 6000 Nano Kit. The process included
internal controls automatically analyzed by the system. RNA hybrid-
ization was performed for 16 hours using capture and reporter probes.
The samples were then immobilized into a cartridge and loaded onto
the nCounterTM Prep Station. Digital images were processed within
the nCounterTM Digital Analyser instrument. The quality control,
normalization, and differential expression analyses were performed
according to the manufacturer’s instructions.

IHC
IHC of FFPE slices were obtained from liver tumor biopsy taken

at pre-vaccination and at every 12-week intervals. First hematoxylin
and eosin staining was applied to assess the proportion of tumor
area in the whole tissue and the percentage of tumor cells in the
tumor area. Then Immunoscore CR TL assay was done that consists
of immunostaining on two consecutive slides for quantification of
positive CD3þ and CD8þ cells in the core tumor (CT) and invasive
margin (IM). All immunostainings were performed on the auto-
mated system Ventana BenchMark autostainer (Roche Diagnos-
tics). Image acquisition was done on the Hamamatsu, NanoZoomer
XR scanner.

IHC and gene expression measurements were performed by
HalioDx SA.

Statistical analysis
All patients enrolled in the study (Part A and Part B combined) were

included in the safety, immunology, and the efficacy analysis datasets.
No patients were excluded from immune analyses for other reasons
than sample availability. For tumor-infiltrating lymphocyte (TIL)
analysis only pairs of biopsies were used. No imputation was carried
out on missing values. Clinical response assessment was performed at
Week 12 in Part A andWeek 36 in Part B of the study. Progression-free
survival (PFS) was calculated as the time between the date of initiating
maintenance therapy and the date of either radiologic or clinical/
symptomatic disease progression. Significance was compared between
and among groups using t tests; P < 0.05 was considered significant.
Kaplan–Meier method was used to estimate PFS, and average HR
statistics to estimate HRs. Significance was assessed by log-rank test.
Pearson test was performed to assess correlations. The correlation
was considered strong if R > 0.7, moderate if 0.5 < R ≤ 0.7, and weak if
0.3 < R ≤ 0.5. Dependent variables were determined using Fisher exact
test for a 2 � 2 contingency table.

Data availability
Raw data for this study were generated at the facilities identified in

the Patients and Methods section. Derived data supporting the find-
ings of this study are available from the corresponding author upon
reasonable request.

Table 2. Treatment-related adverse events (n ¼ 11).

Adverse event
Grade 1–2
n (%)

Grade 3
n (%)

Anemia 1 (9%) —

Arthralgia 1 (9%) —

Constipation 1 (9%) —

Erythema 1 (9%) —

Fatigue 1 (9%) —

Injection site reactionsa 5 (45.4%) —

Myalgia 1 (9%) —

Noninfectious acute encephalitis — 1 (9%)b

Burning feeling 1 (9%) —

Superficial thrombophlebitis 1 (9%) —

Vomiting 1 (9%) —

Note: Data show all treatment-emergent adverse events of Grade 1 or 2 and 3
reported as possibly or definitely related to treatment. Relatedness to treatment
was determined by the investigator.
aRaised erythematous patches, subcutaneous nodules, swelling, burning/pain.
bPossibly related.
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Figure 1.

Antitumor activity. A, Maximum changes from baseline in sum of target lesion size. B, Spider plot showing the changes of the target lesion sizes at each radiologic
assessment (6-weekly). Each data point was comparedwith the lesion sizemeasured at baseline. Dotted lines indicate patients receiving a single dose. CT scans and
individual target lesion size changes for Patient 02–0004 (C), Patient 01–0004 (D), and Patient 01–0007 (E). Dotted lines denote post-study data for Patient 01–
0007. Triangles indicate vaccination dates. Different gray shades on the line graphs and different colored arrows on the scans indicate different target lesions of the
patients. �, This patient was considered with PD due to clinical progression by the investigator.
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Results
Between April 2018 and December 2018, 11 patients were enrolled

in the study. All patients had MSS mCRC. Five patients received a
single dose of vaccine (Part A). Six patients entered Part B of the study
for multiple-dose vaccination. However, 1 patient had progressive
disease (PD) before second vaccination and was thus not eligible for
further vaccination, 1 patient voluntarily withdrew from the study
after two doses of vaccine (due to signs of progression not confirmed by
the investigator), and 1 patient withdrew consent after three doses
received due to progression (Supplementary Fig. S1).

The median age of participants was 54 years [interquartile
range (IQR), 14.5 years], 10 (91%) participants were male, and all
participants were White, non-Hispanic, or Latino (Table 1). During
the first-line induction therapy, 6 of 11 (55%) patients achieved SD and
5 of 11 (45%) PR as best overall response (BOR). Individual patient
characteristics along with the maintenance therapy received in com-
bination with PolyPEPI1018 during the study are reported in Table 1.

Three grade 1 or 2 treatment-related adverse events (TEAE) were
considered definitely related to PolyPEPI1018; the most common was
administration site reactions (45.5%), followed by muscle disorders
(9.0%) and neurologic disorders (9.0%). One grade 3 serious adverse
event (SAE; noninfective encephalitis) occurred 49 days after a single
dose, recorded by the investigator as possibly related to the treatment
(Table 2). There were neither treatment-related deaths nor study
discontinuations due to AEs.

Vaccination to multiple anatomic sites was well tolerated according
to patient diaries. Redness, itchiness, and swelling were reported by
patients for 85 of a total of 380 injections (Supplementary Fig. S2). The
severity of these complaints was mild (“some”). There were no “very”
recorded for swelling, while “very” was recorded for itchiness by one
patient for all four injection sites, which lasted for 2 days. Patients
generally felt “some” fatigue; 1 patient recorded it as “very”. Redness

(“very”) was recorded by 1 patient for one injection site of the four. The
number of records tended to increase after the second or third dose and
in most of the cases resolved in 8 to 12 days after vaccination
(Supplementary Fig. S2).

By the end of the study, of the 11 vaccinated patients on
maintenance therapy, 3 (27.3%) patients achieved confirmed PR,
4 (36.3%) had SD, and 4 (36.3%) had PD. Response evaluation
between RECIST and irRECIST was concordant (Table 1). Max-
imum changes from baseline in target lesion size are summarized
in Fig. 1A. One of the patients with PR received a single dose (Part
A) and two of them received three doses (Part B), despite higher
percentage of patients (3/5) with PR on induction treatment being
included in Part A of the study than in Part B (2/6; Fig. 2A).
Longitudinal changes in tumor burden during the study are shown
in Fig. 1B–E and post-study follow-up data are represented
in Fig. 2.

Tumor burden continuously decreased compared with baseline
for the 3 patients achieving objective response and additionally for 2
patients with SD not achieving the RECIST criteria for objective
response. Remarkably, for patient 01–0002, the size of the target
lesion in the liver decreased slowly from 72 to 58 mm by week 41,
representing 19% tumor shrinkage (Fig. 1B). Recurrence was
experienced post-study, 21 weeks after the last vaccine dose (Fig. 2).

Patient 02–0004 achieved PR during the first-line chemotherapy, as
BOR. Conversely, at screening, the last two radiologic assessments
indicated one increasing and one decreasing target lesion (Fig. 1C).
After receiving a single dose of vaccine, both lesions decreased, and by
week 6 of the study achieved PR. Recurrence was experienced post-
study, 22 weeks after the vaccination (Fig. 2).

Patient 01–0004 achieved SD during the first-line chemotherapy, as
BOR. He was admitted to the study with one target lesion in the liver
and two target lesions in the omentum (Fig. 1D). Radiologic

Figure 2.

Durability of responses (post hoc analysis).A, Swimmer plot analysis for the individual disease courses prior-, during-, and post-study. B, Kaplan–Meier curve for the
PFS of single- andmultiple-dose groups. One patient (Patient 01–0008) from Part B who progressed after one dose and left the trial was included in the single dose
group. Number of patients at risk is shown below the Kaplan–Meier curve. The Kaplan–Meier analysis contains censored data for curative surgery, RT, and LFU. PFS
was calculated as the time from the date of initiating maintenance therapy to the date of first progression or censored. Post-study, the patients continued on
maintenance treatment; for the 3 patients with curative surgery/RT, therapy was discontinued after surgery/RT. LFU, lost to follow-up; RT, radiotherapy.
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assessments showed continuous decrease of the patient’s target lesions
to the point where the patient qualified for curative surgery (week 26).
By the time of the surgery, two lesions out of three resolved to complete
response (CR; Fig. 1D). Post-surgical pathology showed that perito-
neum was positive, while liver and mesentery were negative for tumor
cells and that 8 of 29 lymph nodes were positive for cancer cells.
Recurrence was experienced post-study, 27 weeks after the last vaccine
dose/surgery (Fig. 2).

For Patient 01–0007, the first-line treatment produced PR as BOR.
Patient 01–0007 transitioned to maintenance therapy with a target
lesion in the liver of 29mm and two nontarget lesions in the colon and
lung. Radiologic assessments showed continuous decrease of the
patient’s target lesion (achieving PR in the study at week 36) to the
point where the patient qualified for curative surgery post-study, at
week 56 after entering the study (Fig. 1B and E). Post-surgical
pathology showed neither residual nor metastatic adenocarcinoma at
multiple resected sites, and 27 of 27 lymph nodes were negative for
cancer cells. It was concluded that the patient achieved a CR (score 0)
with no viable cancer cells. At the last contact (35months after entering
the study), the patient had no signs of progression (Fig. 2).

Durability of responses were assessed post hoc by collecting post-
study PFS data from the investigators, for all subjects (Fig. 2A). The
median PFS (mPFS) on maintenance therapy was 31 weeks. Patients
obtaining multiple doses controlled their disease for significantly
longer period than patients with a single dose [mPFS 54 weeks vs.
20 weeks, respectively; HR¼ 0.17; 95% confidence interval (CI), 0.04–
0.87; P ¼ 0.017; Fig. 2B]. These data should be treated with some
caution, however, because patient numbers are small.

PolyPEPI1018 vaccination induced CD8þ T-cell responses in 9 of
10 (90%), and CD4þ T-cell responses in 10 of 10 (100%) patients as
determined using IVS ELISpot (Fig. 3A and Supplementary Table S2).
CD8þ T-cell responses were assessed by stimulation with twelve
individual 9-mer peptides (Supplementary Table S1) specific for the
six 30-mer vaccine peptides, while CD4þ T-cell responses were
detected using the pool of 30-mer peptides in the IVS ELISpot
(Fig. 3A and B; Supplementary Fig. S3A and S3B).

PolyPEPI1018 vaccination generated CD8þ T-cell responses
against average 4.8 (range 2–7) TAAs in the responder patients
(Fig. 3A). Eight of 10 (80%) patients had CD8þ T-cells induced
against at least three TAAs and three against all seven (Fig. 3A
and B). Spontaneous CD8þ T-cell responses covered each of the seven
vaccine TAAs across the 7 of 10 patients, with average three targets
detected per patient, indicating the presence of real colorectal cancer

targets (Fig. 3A and B). Preexisting responses were augmented
(boosted) upon vaccinations in all 7 patients against 1–5 TAAs. For
8 of 10 patients (80%), de novo immune responses were induced
against 1 to 7 TAAs (Fig. 3A and B). CD4þ T-cell responses measured
using the pool of 30-mer peptides in the IVS ELISpot assays were
detected for all 10 analyzed subjects both pre- and post-vaccination
(Fig. 3A). The breadth and themagnitude (Fig. 3B andC) of CD8þT-
cell responses significantly increased with second or third dose com-
pared with a single dose (P¼ 0.021 and 0.026, respectively). The CD4þ

T-cell responses were also boosted (P¼ 0.045; Fig. 3A). The kinetics of
immune responses after the first dose suggests a peak response at week
3þ6 combined time point for 5 out of 8 patients (Supplementary
Fig. S3B).

Ex vivo ELISpot detected effector-type CD8þ T cells were present
for 5 of 9 (56%) and CD4þT cells in 9 of 9 (100%) patients as a result of
vaccination (Supplementary Fig. S3C and S3D). Because it is chal-
lenging to detect robust effector T-cell responses by ex vivo ELISpot
assay, supporting flow cytometry analysis was performed. The fre-
quency of ex vivo ICS detected vaccine peptide-specific CD8þ T cells
increased in 7 of 10 (70%) and CD4þ T cells in 9 of 10 (90%) subjects
post-vaccination, confirming the ex vivo ELISpot results (Supplemen-
tary Fig. S4A and S4B). The CD8þ T cells primarily produced IFNg ,
TNFa, and IL2 while CD4þ T cells were positive for mainly IL2 and
IFNg (Supplementary Fig. S4C). Increase in proportion of fully
functional IFNg/TNFa positive cells could be observed upon multiple
vaccinations (Supplementary Fig. S4D and S4E; representative IFNg –
CD8/CD4 ICS dot plots are presented in Supplementary Fig. S4F).

Pre- and post-vaccination metastatic liver biopsy pairs were
analyzed using the Immunoscore assay to determine immune
cell infiltration (CD3þ and CD8þ TILs) in the tumor area (CT and
IM; Fig. 3D). At baseline, each tumor had “Low” Immunoscore (I¼ 2)
characteristic for liver tumors with bad prognosis in mCRC (Supple-
mentary Fig. S5A; ref. 39). Vaccination induced recruitment of TILs to
tumor area for three of the four tested pairs.

Interestingly, for Patient 02–0004, after a single dose of Poly-
PEPI1018, the number of CD3þ T cells increased by 450% in the IM
area of the tumor, and no increase in TILs were observed in the CT. For
Patients 01–0002 and 01–0007, increased number of TILs were
observed also in the CT, after three doses of PolyPEPI1018 received.
The number of CD8þ TILs in the CT continuously increased with
subsequent doses such that the ratio of CD8þ/CD3þ T cells achieved
0.66 for Patient 01–0002 and 0.86 for Patient 01–0007, suggesting that
PolyPEPI1018 induced accumulation of cytotoxic T cells capable to

Figure 3.
Colorectal cancer–specific immune responses inducedbyPolyPEPI1018 at peripheral and tumor level indicate treatment benefit.A,Thebreadth of TAA-specificCD8þ

T-cell responses and magnitude of CD4þ T-cell responses in each patient measured by IVS ELISpot. Post-vaccination (Po) results are the maximum responses
measured for each subject during the study. CD8 T-cell responses were measured using the individual 9-mer test peptides listed in Supplementary Table S1, and
summed for obtaining TAA-specific responses. CD4 T-cell responses were measured with the pooled 30-mer peptides. B, Number of responsive vaccine TAAs
plotted by patient (n¼ 10). Dark gray bars: Pre-only: No change or <2-fold increase in responses compared with pre-vaccination; mid gray bars: response boosted
compared with pre-vaccination (at least 2-fold increase by IVS ELISpot); light gray: de novo induced vaccine-specific immune responses (no pre-vaccination
response measured). C, Magnitude of PolyPEPI1018 vaccine-specific CD8þ and CD4þ T-cell responses detected at baseline and after multiple doses. D, T-cell (TIL)
infiltration to the CT and IM area of the tumors post-vaccination assessed by HalioDx’s Immunoscore CR TL assay. Changes in TIL density were calculated from IHC
data obtained for pre/post-vaccination biopsy pairs; pre: baseline sample (except for Patient 01–0002, it was week 12 sample); Post: tumor biopsy at week 12 (for
Patients 02–0002 and 02–0004) or week 38 (Patients 01–0002 and 01–0007). E, Whisker plot of upregulated gene-expression signatures upon treatment with
PolyPEPI1018 for responder (R) tumors (Patients 02–0004, 01–0002, and 01–0007) and a nonresponder (NR) tumor (Patient 02–0002) assessed by NanoString’s
PanCancer gene-expression panel. Each dot represents the fold change of a gene in a sample. Boxes on the plot represents the quartiles (1 to 3). CD8þ effector T-cell
gene signature: [CD8A molecule (CD8A), CD8B molecule (CD8B), eomesodermin (EOMES), granzyme A (GZMA), granzyme B (GZMB), IFNg (IFNG), and perforin 1
(PRF1)]; IFNg gene signature: [indoleamine 2,3-dioxygenase 1 (IDO1), C-X-Cmotif chemokine ligand (CXCL) 9 and 10, MHC class II DRa (HLA-DRA), signal transducer
and activator of transcription 1 (STAT1) and IFNG] and PD-L1 and PD-L2 gene signatures. F, Impact of TAA-specific CD8þ T-cell responses boosted by the vaccine
(measured by IVS ELISpot) on treatment benefit; DCB, durable clinical benefit ¼ patients with objective tumor response (PR) and/or stabilized disease (SD) for at
least 50 weeks on maintenance treatment; Others: patients with no DCB. DSFU, background corrected spot-forming units; #, number. ND, not detected; ns., not
significant. Error bars represent SEM.
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enter the CT (Supplementary Fig. S5B). Post-vaccination, “High”
Immunoscore (I ¼ 3) was obtained for Patient 01–0002 (could
not be assessed for Patient 01–0007 because of lack of IM data;
Supplementary Fig. S5A).

To evaluate the effect of vaccination on immune-related gene
expression in the tumor, we analyzed the CD8 effector T-cell gene
signature, IFNg gene signature and programmed death ligand 1 and 2
(PD-L1, PD-L2) gene signature, previously described as related to the
efficacy of immunotherapies in “hot” tumors (40). The median
expression level of all the three sets of genes increased with at least
two-fold in post-treatment samples of responding tumors (n¼ 3), but
not in the nonresponder tumor (n ¼ 1; Fig. 3E).

Further studies indicated that patients who experienced durable
clinical benefit (DCB) had preexisting T-cell responses boosted by the
vaccine against higher number of TAAs than others had (n¼ 10, P¼
0.018; Fig. 3F). Correlative studies confirmed that the breadth of
vaccine-boostedCD8þT-cell responses influenced both tumor shrink-
age (R ¼ –0.510, P ¼ 0.132) and PFS (R ¼ 0.689, P ¼ 0.030;
Supplementary Fig. S6A and B). Interestingly, no significant difference
was observed between the two groups for the preexisting T-cell
responses (boosted or not), the de novo generated T-cell responses,
or their sum, suggesting that restored spontaneous immunity is the
main factor for antitumor activity (Supplementary Fig. S6C).

Next, we investigated the predicted HLA-binding capacity of
the immunogenic peptides detected for each subject. Using each
patients’ complete HLA class I genotype, the number of HLA class
I alleles predicted to bind each of the 9-mer core peptides were
determined (Supplementary Table S3) and results compared with the
in vitromeasured immune responses measured for the same peptides
(Supplementary Fig. S7A). Analysis revealed association of detected
CD8þ T-cell responses with epitopes restricted to at least three
autologous HLA alleles (Personal Epitopes, PEPIs; P ¼ 0.013) but
not with single HLA allele-restricted epitopes (P¼ 1.00), which highly
overestimated detected T-cell responses (no negatives; Supplementary
Fig. S7B). In addition, the magnitude of CD8þ T-cell responses
generated by PEPIs was significantly higher than those generated by
non-PEPIs (P¼ 0.011; Supplementary Fig. S7C).We found that 79%of
predicted TAA-specific PEPIs (for 7 TAAs � 10 patients) were
confirmedby IFNgþCD8þT-cell responses detected in vitro (Table 3).
PEPIs in general underestimated the subjects’ overall T-cell repertoire,
however they precisely predicted subjects’ PEPI-specific CD8þ T-cell
responses.

Consequently, although not statistically significant, patients with
DCB had predicted PEPIs for higher number of TAAs than Others
(mean 2.68 vs. 1.65, P ¼ 0.432), in conformance with the breadth of
measured CD8þ T-cell responses in this group (Supplementary
Fig. S7D).

Discussion
The OBERTO-101 trial showed that vaccination with Poly-

PEPI1018 combined with maintenance treatment was safe and well
tolerated and appears to induce durable antitumor responses in
patients with previously unresectable MSSmCRC following induction
therapy. The most common TEAEs were Grade 1/2 injection site
reactions likely associated with the use of Montanide ISA 51VG
adjuvant (41). No severe (Grade 3 or higher) local skin reactions were
observed by the investigators, or reported by the patients, despite each
dose being administered to four different anatomic sites. One Grade 3
SAE (noninfectious acute encephalitis) was observed and defined as
possibly related to the treatment by the investigator. After careful
review of the published scientific data and the data generated in the
study, causality could not be confirmed taking into consideration lack
of temporary association (49 days post-dose), as well. Specifically, no
data were found on the elevated expression of the vaccine-targeted
TAAs in normal brain tissue, except for SPAG9. Multiple datasets
within the Human Protein Atlas, including the GTEx Portal (https://
gtexportal.org; dbGaP Accession phs000424.v8.p2) providing RNA
transcript data, documented the overexpression of SPAG9 in healthy
tissues (including brain; ref. 42), not found by others in earlier studies
using IHC or RT PCR methods (31, 43). These observations indicate
that the newer methods may shed new light on TAA selection.
Nevertheless, the patient (02–0004) had no SPAG9-specific T-cell
responses boosted by the vaccine, butmany other patients had, without
any SAE observed. Overall, the immunologic responses mounted by
the vaccine were very similar to other patients’ responses in terms of
breadth and magnitude. Nevertheless, each 30-mer vaccine peptide
was inspected for sequence homology with human proteome (during
design), without any cross-reactive neoepitopes identified.

The de-intensified chemo backbone adopted in the setting of
maintenance therapy with the addition of PolyPEPI1018 further
reduced the tumor burden achieved by the induction chemotherapy
for 3 patients (ORR, 27.3%) and maintained tumor responses for
another 3 patients. Response to induction therapy (PR) did not seem to

Table 3. Correlation between patients’ HLA class I genotype predicted TAA-specific PEPIs and TAA-specific CD8þ T-cell responses
detected by IVS ELISpot.

PEPIs and in vitro measured responses
Patients

Vaccine TAA 01–0002 01–0003 01–0004 01–0005 01–0007 01–0008 02–0001 02–0002 02–0003 02–0004

TSP50 TN TN FP TN TP TP TP FP TP TP
EPCAM TP TN TP TP FP TP TP FP FP TP
SURVIVIN TP TN TP TN FP FP TN FP FP FP
MAGE-A8 FP TN TN TN FP TP FP FP TN TP
CAGE1 TP TN TP FP FP TP TP FP TN FP
SPAG9 TN FP TN TN FP TP TN FP FP TP
FBXO39 FP FP TN FP TP TP TN TP TP TP

Note: A predicted positive responsemeans the patientwas able tomake a PEPI derived from the vaccine TAA, based on his/her HLA-genotype. FN, false negative; FP,
false positive; PEPI, personal epitope (predicted epitope binding to ≥3 autologous HLA class I allele); TN, true negative; TP, true positive. PEPI-predicted and ELISpot
measuredmatching results (TP and TN) are highlighted in gray (P¼0.01, Fisher exact). FP – PEPI was predicted but negative by ELISpot; FN – no PEPI was predicted
but positive by ELISpot. Table related to Supplementary Table S3 and Supplementary Fig. S7A.
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be a prerequisite for the tumor responses obtained in the study, as
the five PRs entering the study become 2 PR, 2 SD, and 1 PD on
maintenance plus vaccine treatment, respectively. However, of the
three PRs on maintenance plus vaccine treatment, two were PR
on induction therapy and one transitioned from SD. Radiologic
assessments of the tumors showed slow but continuous decrease
of the tumor size, characteristic for the delayed effect seen for
immunotherapies (44).

The mPFS for the patients who received multiple vaccinations in
Part B was 12.5 months. This compares favorably with mPFS of
7.39 months obtained in the large MODUL trial applying same
maintenance treatment with/without CPI following induction therapy
in MSS-mCRC subjects, as well as to the mPFS obtained in two other
large studies using 5-FU/capecitabine and bevacizumab maintenance
treatment for mCRC (10, 13, 16). Importantly, in the MODUL trial,
CPI combined with the maintenance therapy did not improve mPFS
and no objective tumor responses were recorded for MSS-mCRC
subjects. While there are significant limitations in comparing these
results with data from large phase III studies, objective tumor
responses obtained in our study support the increased mPFS
compared with historical data and may show promise this regimen
could extend time on maintenance therapy and delay the initiation
of second-line therapy. However, given that most of the patients
achieving PR in the study (2/3) also progressed within 22 to
27 weeks after the last vaccine dose, suggests optimization of the
dosing regimen may be needed in order to maintain high frequency
of circulating effector-memory T cells. Every 3 months vaccination
regime was clearly suboptimal as CD8þ T-cell responses, while still
detectable, declined by Week 12 post-vaccination compared with
peak response at Week 3 to 6.

Another unexpected finding of the study was that 2 patients had
disease regression to the point that they were considered for curative
intent surgery, despite being deemed unresectable at diagnosis and
after induction therapy. One of these patients has been off systemic
therapy since surgical resection two years ago, and as of the time of this
publication has not had disease recurrence. For a third patient,
radiotherapy of the lung nodule was also made feasible. These results
provide a signal that PolyPEPI1018 may improve the chances of
conversion from unresectable to resectable disease in mCRC.

The breadth of immune responses elicited by the vaccine was
remarkably high. Multi-antigenic CD8þ T-cell responses detected for
80% of patients exceed immune response rates reported for other
multi-epitope off-the-shelf or personalized neoantigen-based cancer
vaccines (45–47) and confirm our in silico model population-based
vaccine design approach (36, 37). Immune responses against multiple
epitopes were previously described as related to overall survival, also
shown in our study for PFS and decrease in tumor burden (45).
Subjects’ complete HLA genotype influenced their CD8þ T-cell
responses and promiscuous autologous allele-binding capacity (PEPI)
was a key feature of immunogenic epitopes. Correlation between
predicted PEPIs and in vitro measured T-cell responses were already
observed in our previous studies conducted with COVID-19 conva-
lescent subjects and patients with cancer, also in our meta-analysis
conducted with 94 cancer vaccine studies (36, 37, 48). HLA-genotype,
through multiple TAA-derived PEPIs tended to predict treatment
benefit, too. This is in good agreement with the recent finding where
patients’ HLA class I genotype (HLA heterozygosity) influenced their
response to CPI therapy presumably due to efficient HLA presentation
of TAAs triggering efficient CD8þ T-cell responses (49). In our study,
this hypothesis is supported by the dramatic increase of the density of
CD3þ/CD8þ TILs, and by upregulation of the genes related to fully

functional, cytotoxic, CD8þ T cells in the responder tumors, post-
treatment. Of note, both the examined CD8þ T-cell gene signatures
and the “High” Immunoscore are known to describe a “hot” tumor,
associated with response to immunotherapies (7, 39, 40). Interestingly,
we found that preexisting, multi-antigenic CD8þ T-cell responses
successfully boosted by the vaccine were the main factor for antitumor
activity and subsequent clinical benefit. Thus, PolyPEPI1018 vacci-
nation restored and boosted spontaneous, HLA-genotype–dependent
antitumor immunity and increased the frequency of cytotoxic TILs
(turning “cold” tumor into “hot” tumor) which could explain how
PolyPEPI1018 vaccination showed clinical activity in combination
with 5-FU/bevacizumab. Given that CPIs are known to be effective in
“hot” tumors, our results suggest that studies conducted in “cold”
tumors (like the MODUL trial or OBERTO-101) could benefit from
the use of PolyPEPI1018 in combination with CPIs.

A limitation of our study is the nonrandomized design of the trial,
which precludes definitive conclusions on the components of the study
therapy. Although this study was not designed to be definitive,
nevertheless we attempted tomitigate this risk by testing two schedules
of the vaccine and noticed an initial correlation between longer dosing
and PFS. In addition, as the background chemotherapy consisted of a
subset of the induction therapy, it is unlikely that the tumor responses
would have deepened with the chemotherapy alone. Another limita-
tion is that the immune responses that were noted in the vast majority
of the patients treated with the vaccine resulted in clinical benefit of a
lesser magnitude/frequency. This could have two reasons: one is the
sub-optimal dosing (single dose for half of the study population) and
dosing regimen applied in the study, as discussed above. The other
reason is the “typical” critical issue for the field in its quest to develop
immune biomarkers with predictive potential, on which however we
present new insight and unmatched data in the literature. We did not
evaluate circulating tumor cells or circulating tumor DNA in our
studies. Perhaps these additional assessments would have provided
additional insights on antitumor activity and potential correlations
with immune responses. In addition, the majority of patients enrolled
in the study were males of White race and 73% of them harbored a
KRAS mutation while BRAF mutations were excluded. Future inves-
tigations will need to study safety, immunogenicity, and efficacy in
patients with molecular alterations more representative of the general
mCRC population.

In conclusion, the correlating clinical and immune responses
warrant further investigation of PolyPEPI1018 combined with main-
tenance therapy in patients with MSS mCRC, in a randomized
controlled setting. Patients receiving multiple doses of PolyPEPI1018
had longer disease control and augmented immune responses com-
pared with those patients with a single vaccination. Therefore, further
studies with PolyPEPI1018 will involve multiple vaccinations and
more frequent dosing in attempt to improve response rates and disease
control. In addition, HLA-genotype dependent PEPI biomarker may
be developed to select likely responders in order to “personalize” the
therapy while maintaining its “off-the-shelf” nature. PolyPEPI1018
may provide a new opportunity for immune-based therapy for patients
with MSS mCRC.
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